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Abstract
Investigation of Gadolinium Based Pyrochlores for their use in High-Temperature NanoDerived H2 Gas Sensors
Christina Wildfire
There is a large need for microsensors that have a quick response, can be implemented
cheaply and operate at low power. These sensors must also be sensitive to specific chemistries
and have little to no cross-sensitivity to other stimuli in the environment. Previous researchers
have shown that the incorporation of nanomaterials as the selective material resulted in very
high sensitivity. Unfortunately, these nanomaterials are unstable at high temperatures due to
sintering and coarsening. Therefore, within this work, new hydrogen selective nanomaterials
will be investigated for these micro sensors that will be highly selective to hydrogen and be
stable within the proposed harsh environment. In addition these nanomaterials where
incorporated into chemi-resistive microsensors architectures. In order to fabricate these
microsensors, the sensor requires the deposition of the active materials onto metal
interconnects. This process is usually completed by physical vapor deposition processes, but
results in unstable nanomaterials with low crystalinity. Current work focuses on the deposition
of refractory nanomaterials through a lost-mold method patterned by lithography. It will also
detail methods for stabilizing the microstructure of nano-composite H2 selective materials for
high-temperature sensing applications using refractory, perovskite- and pyrochlore-zirconate
electrolyte nanoparticles. This work investigated the effects of colloidal stabilization, suspension
characteristics, photoresist composition, photoresist-suspension interactions, micro-mold
geometry, and thermal processing. The differences between sensing mechanisms in material
systems ranging from traditional semiconductors to mixed electronic conductors will also be
explored. The macro and micro configurations of the H2 sensors are tested and compared for
sensitivity, response time, stability, and recovery time. The impact of this work will foster the
inexpensive implementation of sensor arrays to a host of industrial applications where efficient
gas sensing is required.
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Chapter 1: Introduction-Statement of Problem
1.1 Statement of Problem
Hydrogen is a very promising alternative energy source that is already used in space
exploration and medicine. With this push for more fuel efficient green energy, there will be a
need for reliable, robust sensors that can meet the demands for these new energy systems
using H2 fuel. A process that could greatly benefit from a robust H2 sensor is gasification
which converts carbonaceous materials such as coal and/or biomass, into syngas. Syngas
is much more efficient than direct combustion of traditional fuels. Gasification relies on
chemical processes at elevated temperatures (>700˚C). Current sensor technology is
limited to sensors and sensor arrays that function only at low temperature due to their
compositions and processing. Therefore, there exists a need to develop low-cost, microscale chemical sensors and sensor arrays composed of nano-derived metal-oxide
composite materials to detect gases within high-temperature environments (>500°C).
1.2 Goals of Research
The main focus of this research is to fabricate a micro-scale H2 sensor that can operate at
temperatures above 500°C. In order to accomplish this, the following objectives were
completed:


Baseline testing of current H2 sensor compositions



Stabilize interdigitzed electrodes for high temperature testing



Synthesize refractory ionic and semi-conducting materials that are stable at high
temperatures



Create low cost, repeatable fabrication technique for micro sensors



Research response times, sensitivity, and selectivity of the H2 micro sensor

1.3 Thesis Organization
This thesis is composed of seven chapters. The first chapter includes a general overview of
this project and its goals. Chapter 2 provides a detailed background of semiconductor
sensors, current hydrogen sensor technology, and materials used for both hydrogen sensing
and high temperature applications. The synthesis, preparation, and characterization of the
zirconate materials are covered in Chapter 3. Chapter 4 explores the effects of dopants on
the zirconate materials at high temperatures. Chapter 5 details the fabrication process of

1

the micro sensors; the testing of these sensors is covered in Chapter 6. Conclusions and
suggestions for how this work can be continued are discussed in Chapter 7.

2

Chapter 2: Background
2.1 Energy Technologies and Sensor Needs
Gas sensors are used in a variety of applications in many industries. The detection of single
gases such as NOx, H2, H2S, CO, etc., and continuous monitoring of an environment are the
two focal applications of sensors (1). One industry that is in need of high temperature harsh
environment sensors is gasification. A schematic of this process is shown in Figure 1.

Figure 1: Schematic of gasification process and its use in industry (2)

As seen in the figure, syngas can be burned to produce electricity or processed further to
manufacture fertilizers, liquid fuel, chemicals, or substituted for natural gas or hydrogen.
This process produces syngas at elevated temperatures and in order to analyze the
composition of the gas produced, the gas must be cooled to pass through a gas
chromatographer or mass spectrometry and then reheated for the subsequent processes.
The cooling and heating of the syngas is a waste of energy that could be avoided with a
high temperature sensor that is in line with the syngas process. Hydrogen makes up 2530% of syngas and can be separated and used in the oil refining industry to remove
impurities from gasoline, diesel, and jet fuel or passed through a fuel cell (2) The US DOE
predicts that harsh environmental sensors could save 0.25 quadrillion BTU per year of
energy across all energy consuming industries (3). Other techniques for gas sensing such
as gas chromatography, ion mobility spectroscopy, and mass spectroscopy are expensive,
large in size, and complex. Solid state sensors are more suited for such applications due to
3

their size, simplicity, and low cost. Today, these sensors are available for the detection of
over 150 different types of gases (4). However, none of these sensors function at high
temperatures (above 500˚C) or are incorporated into sensory arrays. Other disadvantages
of these sensors are their stability over time, selectivity and sensitivity. With the many
advances in nanotechnology, it is believed that these disadvantages can be improved upon
or completely overcome.
2.2 Types of Chemical Sensors and Functionality
2.2.1 Classifications of Solid State Sensors
Solid state sensors are operated by various reactions between the gas to be sensed and the
surface of the sensing material, and the type of reaction that occurs denotes the
classification of the sensor. There are two main classifications of solid state sensors
commonly used, electrochemical and semiconductor gas sensors. Electrochemical sensors
use ions that are free to move through the lattice upon application of an electrical field or
concentration gradient (5). They usually consist of permeable electrolytes in contact with
the atmosphere via the anode and cathode, both consisting of the same composition. Once
the targeted gas is introduced, the anode oxidizes, while reduction takes place at the
cathode allowing the flow of ions from one to the other creating a current. There are two
classes of electrochemical sensors depending on the output of the sensor: potentiometric
and amperometric sensors. Potentiometric sensors, shown in Figure 2, develop a voltage
due to concentration differences. In order for this to work, these sensors need a reference
point or reference electrode. This electrode is separated from the sensing electrode by a
physical barrier and is exposed to a known concentration of the species to be sensed,
causing it to maintain a constant potential. The potential between these two compartments
is then measured at near zero current and the difference is equivalent to the external
species concentration.

Figure 2: Schematic of potentiometric sensor (6)
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This potential for the schematic in Figure 2 can be represented by the Nernst equation,
where R is the gas constant, T is the temperature, n is the number of electrons in the
hydrogen reduction half reaction, F is Faraday’s constant, P’H2 and P”H2 are the partial
pressures of hydrogen on each side of the cell (6).

(1)

A well known example of these sensors is the oxygen sensors used to estimate the air to
fuel ratio in automobiles. The problem with these sensors is the slow sensor response,
especially with low analyte concentrations (7). The main difference between potentiometric
and amperometric sensor are the output. A fixed potential is applied to the cell, and the
corresponding current due to the electrochemical reaction is obtained. A basic two
electrode amperometric sensor, using the limiting current design is shown in Figure 3.

Figure 3: Schematic of basic amperometric sensor (6)

These sensors are made to be diffusion controlled; therefore, the output of the sensor is
linearly related to the gas concentration because the amplitude of the current is related to
the amount of gas that is oxidized. This can be correlated using Fick’s first law of diffusion
coupled with Faraday’s law. The proportionality of the external current flow to the hydrogen
concentration can be derived from Faraday’s law,

(2)

With JH2 being the number of hydrogen molecules being pumped per second to the current I.
The flux of the hydrogen diffusion through the gas inlet is given by Fick’s First law,
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(3)

Where A is the area of the diffusion barrier, D is the diffusion coefficient, P H2 is the hydrogen
concentration, and x is the thickness of the barrier. These two equations can be rearranged
to give the current,

(

)(

)

(4)

Semiconducting sensors are based on a reaction between the semiconducting material and
the gas which produces a change in the conductance via three different methods and are
illustrated in Figure 4. The following example is for a semiconducting material and a
reducing gas such as NOx, CO, etc.

Figure 4: Mechanisms for sensing: change in crystal defect equilibrium (top), direct chemisorption of
reducing gas (center), surface reactions that lead to formation of oxygen defects on the surface
(bottom). Me represents a metal atom at its regular lattice site, Oo an oxygen atom at its regular lattice
site, and Vo an oxygen vacancy (8).

Exposure to gases can cause the material to change into another compound or can affect its
stoichiometry as when oxygen ions change seats within the energy band (top schematic).
Oxygen can also be absorbed, ejecting electrons from the semiconductor which decreases
the conductivity (center schematic); when an organic vapor becomes present the material
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oxidizes, the electrons are restored, and the conductivity increases back to its original
status. The last reaction to occur is ion exchange near the surface of the semiconductor
(bottom schematic) (5).
These reactions can more easily be explained by looking at the energy bands of a
semiconductor material. For an intrinsic semiconductor, the conduction band at 0˚K is
empty of electrons and the valence band is completely full as seen in Figure 5. In the
figure, the energy needed to move or excite an electron into the next level is noted by E G.
Most materials however, are naturally flawed and have electrons in the conduction band
with an equal number of holes in the valence band. The distribution of the electrons over
the various energy levels is given by the Fermi Function:

(5)

Where k is the Boltzmann constant, EF is the Fermi level and T is the absolute temperature.
This equation indicates the probability that the energy level E will be occupied. For intrinsic
materials the Fermi energy level is located near the middle of the valence and conduction
band (1/2 Eg).

Figure 5: Schematic of intrinsic semiconductor energy band (9)

An extrinsic semiconductor is one that has impurities added (usually with dopants) and
these impurities dominate the electrical properties of the material. Dopants are particularly
used in sensors to increase the sensitivity and response of a material to a certain gas
species. These dopants also shift the Fermi energy closer to either the valence of
conduction band depending on the type of dopant. There are two types of extrinsic
semiconductors: n-type and p-type. N-type materials conduct due to donor dopants within
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the lattice which posses e- with energies just short of the conduction band. These e - require
low addition energy to be promoted from these intermediate energy levels into the
conduction band (Figure 6). This moves the Fermi energy closer to the conduction band
due to the excess electrons.

Figure 6: Schematic of p-type and n-type semiconductor energy band (9)

As mentioned above and illustrated in Figure 4, semiconductors react with the atmosphere
mainly in two different ways, physical adsorption and chemisorptions/ionosorption.
Physisorption is a weak bond due to Van-der-Walls dipole/dipole interactions as shown in
Figure 7 (left), which has no effect on the band diagram. Chemisorption is a strong bond
resulting in an electron transfer between the gas and the surface of the semiconductor
typically in the conduction band. This causes a band bending as seen in Figure 7 (right).
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Figure 7: Schematic band diagram of SnO2 bulk: physisorption on n-type semiconductor which does
not affect the resistance or band diagram, b) Chemisorption of an electron acceptor which creates a
band bending and therefore changes the resistance of the material (10).

The schematic represents the ionosorption of a gas with an n-type behavior. The adsorption
of O2 (in this example) creates an acceptor surface level (E ss) where electrons are trapped in
the conduction band creating a space charge layer who’s depth is characterized as the
Debye length, λD, which can also be characterized by,

(6)

√

Where kB is Boltzmann’s constant, ε the dielectric constant, ε0 is the permittivity of free
space, T is the operating temperature, e is the electron charge, and n d is the carrier
concentration. When the reducing agent, or sensing gas, is introduced it removes the
oxygen, restores electrons to the conduction band and decreases the resistance as
illustrated with a CO reduction in Figure 8. The space charge layer W s is also reduced.
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Figure 8: Schematics of CO sensing mechanism in a n-type semiconductor (8).

This is why there is a direct relationship between the resistance and partial pressure of the
reducing gas (5). These are shallow impurities, so the density of electrons remains
unchanged as the temperature increases since they ionize at room temperature.

P-type

materials conduct because of acceptor dopants within the MOS lattice produced holes in the
valence band. Unlike the n-type materials, the density of electrons changes exponentially
as a function of temperature because these are deeper impurities. Therefore, when a
reducing gas is introduced to these semiconductors the resistance increases.
It is well known that the sensing properties of a metal oxide gas sensor depend on size,
shape, surface-to-volume ratio and the stability of the microstructure of the particles (11)
(12) (13) (14).

Film thickness also plays a role in the performance of conductive type

sensors especially for reducing gases such as hydrogen. With thin films, as the film
thickness is decreased the sensitivity increases up to a certain point. This is because with
thin films, the thickness is directly related to the grain size and the permeability of the film
(15) (16) (17). Park et al. found that the sensitivity to ethanol for SnO2 thin films increased
until a t < 70nm. At that point, as the thickness of the film decreased the porosity also
decreased limiting the available sites for oxidation (18). In general thick films tend to work
better for hydrogen and other reducing gases; however, the sensitivity of the sensor is not
directly related to film thickness. For example, Egashira et al. noted an increase in
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sensitivity in SnO2 whiskers towards hydrogen as the film thickness increased from 1 to 5
µm (19), while Bruno et al. noticed a decrease in sensitivity as the film thickness increased
(20) which leads to the conclusion that the performance of thick films depends on several
factors which are sometimes hard to control.
One performance parameter that has been proven to be consistently affected by film
thickness is the response time. Several researchers have proven that the thinner the film
the faster the response time (21) (22) (23). Even though thin films have their advantages,
they are limited by the types of compositions that can be used, cost of the technique to
achieve a continuous thin film, and the consistency of the film. These films rely on
techniques such as sputtering, e-beam evaporation, or chemical vapor deposition. Thick
film nanocrystalline and polycrystalline materials tend to be the best option for solid-state
sensors in reducing gases because of their stability especially at high temperatures (12).
When using crystalline materials, the microstructure becomes the main driving force for the
reactions. Thin film gas sensors respond more quickly than thick film sensors because the
gas molecules are adsorbed only on the surface. The performance of thick films is
dependent on the diffusion into the grain boundaries in the percolation paths throughout the
entire thickness of the film. By making the thick films porous, the active surface area is
increased as seen in Figure 9 because the total volume of the layer is accessible to the
ambient gases.

Figure 9: Schematic of influence of material density on gas penetrability (12).

For thick porous thick films there are three main conduction models depending on the
particle size, electrode contacts, and the intergranular contacts (10). The resistance can be
controlled by the grain boundaries, the necks between the particles, or the individual grains.
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When the particle diameter,D, is much larger than the Debye length (L), the conductance is
controlled by the grain boundaries as seen in Figure 10(a).

Figure 10: Schematic showing the influence of grain size on potential distribution along sensor (12).

When D becomes equal to 2L, the depletion zones begin to overlap and the necks between
the grains control both the conductivity and define the size dependence of gas sensitivity. As
the grains are further diminished to D<<2L, they are fully involved in the depletion zone and
the conduction is dominated by the grain itself (nanoparticles). There is however a limit to
the advantages of decreasing the particle size.
There is a balance that must be found between the particle size and porosity to optimize the
sensor’s performance. At a certain point, the grain size prohibits increased porosity.
Another issue with porosity is that most mesoporous structured metal oxides are not stable
at high temperatures and once the surfactants are removed the pores collapse (24).
Humidity also affects the way most sensors perform. At lower temperatures (T<400˚C),
water lowers the sensitivity of metal oxide sensors to most gases via two methods. Water
absorbed on the surface will lower the sensitivity of metal oxide semiconductors (MOS) like
SnO2 toward gases like CO, CH4, CO2, and O2 because having the water molecules on the
surface reduces the usable surface area and decreases the chemisorption of the oxygen
(25). Also, the reaction between the surface oxygen and H 2O molecules contribute to a
decrease in the baseline resistance which reduces the sensitivity of the sensing material
(25). At temperatures of 400˚C and above for hydrogen sensors, water acts like a reducing
gas to SnO2 to reduce the resistivity (26) (27). This happens by two different methods.
First, the water molecules adsorb on the surface and dissociate into OH- which binds to the
Sn lattice and H+ that binds to the O lattice and release a free electron,
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(

)

(7)

Another mechanism for the reduction of sensitivity of humidity on SnO2 hydrogen sensing is
that after the water is adsorbed and dissociated on the surface, the H+ reacts with the
oxygen lattice and forms another OH- group. Multiple OH- groups bind with the tin lattice
and produce a surface oxygen vacancy,

(

)

(8)

These oxygen vacancies could diffuse inside of the bulk acting like donors (28),

(9)

2.2.3 Current H2 Sensing Materials
There are hundreds of hydrogen sensing materials including CuO, NiO, ZnO, CdO, TiO 2,
SnO2, YSZ, CeO2, Ce0.8Gd0.2O1.9, SrCeO3 , SrCeO3/Yb, CaZrO3, BaCeO3, BaCe0.8Gd0.2O3,
BaZr0.4Ce0.4In0.2O3, and many others. One of the most widely used hydrogen sensing
materials is tin dioxide (SnO2). These sensors work by chemisorptions on the surface.
When charged molecules, for example negatively charged oxygen, are absorbed on the
surface, the energy band is bent upwards reducing the conductivity of the sensor as shown
in Figure 11.
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Figure 11: Schematic diagram of band bending after chemisorption of charged species (25).

When hydrogen is introduced, the SnO2 surface becomes dissociated and the hydrogen
reacts with the oxygen ions releasing water and electrons and thus increasing the
conductivity of the material. These reactions can be represented with the following
equations.

Figure 12: H2 sensing and humidity reactions for semiconductors.

When testing the effectiveness of the composition as a gas sensor there are several testing
procedures and variables that are considered. Typically sensors are tested in a setup
similar to the schematic in Figure 13. The test stand consists of the target gas, mass flow
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controllers for each of the gases, a testing chamber, and a digital multimeter for resistance
measurements. Computer controlled testing is typically used to change parameters and
record measurement of the temperature and resistance of the sensor during testing.

Figure 13: General schematic for gas sensor devices.

Parameters such as accuracy, detection limit, cross sensitivity to other gases (especially CO
for hydrogen sensors), effect of humidity, sensitivity, and response and recovery time are
tested. The sensitivity of a sensor is usually represented by,

(10)

Where Ra is the resistance in dry air (air without humidity), and Rg is the resistance in the
test gas. The response time is the time taken by the sensor to achieve 90% of the total
resistance change due to the chance in concentration of the test gas. Parameters such as
accuracy, detection limit, and cross sensitivity can be determined by varying the
concentration of the test gas either in a step wise fashion or in a pyramid structure as shown
below.
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Figure 14: Control of hydrogen concentration for accuracy and range tests (29).

There are three different types of SnO2 that are primarily studied: sintered blocks (Taguchi
sensors), thick films, and thin films. The sintered ceramics are either sintered into a pellet or
on a cylindrical tube (30) (31) (32) (33). These sensors tend to be robust and inexpensive to
fabricate, but have high power consumption and the properties are usually inconsistent
within batches due to the material processing. Thick film sensors do not have these
particular issues and are the leading type of sensors used in industry. These sensors are
usually screen-printed onto an electrode pattern or substrate, but can also be painted (34)
(35), tape casted (36) (37), or dip coated (38).
2.2.3.1 Thick Film Sensors

Thick film sensors have a history of longer response and stabilization times because the
response of the sensor relies on the percolation paths through the thickness of the film and
the diffusion through the grain boundaries. There is extensive research in thick film sensors
using nanomaterials for sensing materials. They have worked on the optimization of film
thickness, particle size, dopants, and morphology to overcome these issues. Ahn et al.
studied the effects of the microstructure of pure SnO2 on its sensing capabilities. They
found that a sintering temperature of 600˚C on nanophase (avg. particle size of 15 nm)
SnO2 powder synthesized by inert gas condensation (IGC) increased the crystallinity (no
longer amorphous) of the powder without changing the pore structure or particle size, and
therefore, increased the sensitivity of the sensor (39). The optimal performance for their
system was at 250˚C flowing 2500 ppm of H2 with a response time of 3 seconds and a
recovery time of 15 seconds. Yamazeo and Miura found that decreasing the grain size
greatly increased the sensitivity to both CO and H 2 (40). Li and Kawi experimented with the
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surface area and found that the sensitivity to H2 increased linearly with the surface area of
the SnO2 powder (41).
Hayashi et al. tested the effects of surfactants and post-grinding of the powders on the
microstructure and sensing properties of SnO2 and concluded that by increasing the porosity
of the sensor, the sensitivity of the sensor was improved due to the increase in diffusion
through the thickness of the sensor (42). Post grinding greatly decreased the specific
surface area of powder containing particle sizes around 20.4 nm but powders containing
secondary small agglomerates on the order of 2.8 nm showed only slight decrease in
specific surface area. With particle sizes of 2.1 nm they were able to obtain pore diameters
of 1.9 nm with a surface area of 365 m2g-1. Although they were able to achieve response
times in the range of 28-35 seconds at 350˚C with 1000 ppm of H2, their response times
were in the range of 470-900 seconds which they contributed to absorption of water on the
sensor’s surface. They achieved their best sensing properties with surface areas between
122 m2g-1 and 132 m2g-1 or 2.4 to 2.5 nm crystallite size.
Microstructural changes alone are not enough to enhance the performance of the sensor to
contend with other sensing devices, so extensive research has also been done in the area
of promotion or surface enhancement of these sensors. The dopants enhance the sensing
properties of the material in two ways: a) the reaction involves both the oxide and the
additive and it converts the electrochemical changes into the output signal, or b) the additive
increases the surface coverage of the oxide via a spill-over process but the reaction occurs
on the oxide (Figure 15).

Figure 15: Electronic (a) and chemical (b) sensitization in metal-doped SnO2 sensor (43).

The dopants can also affect the grain size and growth mechanisms, or create new donor or
acceptor levels (44). Platinum (45) (46) (47) and Paladium (48) (49) are the most
commonly used dopants for hydrogen sensing and are known to increase sensitivity to
hydrogen. These metals both act as a catalyst and aid in the dissociation of the H 2
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molecules, and provide an additional path for the H2 between the surface and the interface
(50). In order for this reaction to occur, the sensor must first be heated to an elevated
temperature which is a drawback for low temperature testing. Sofonova et al. studied the
effects of Pd doping on SnO2 resistive type sensors. They found that both sensitivity and
response/recovery times were improved with 1 mol% Pd on the surface of the sensor. The
response time was improved from 8 sec for an undoped sensor to 1 sec with 1 mol% Pd.
The sensitivity was also improved from 20 to 75 (where sensitivity is the change of
resistance over baseline resistance) at 350˚C with the flow of LPG gases (49). Manjula
concluded that an optimal wt% of Pd in SnO2 sensors is 0.5 wt% considering the
performance data and cost effectiveness (48).

Other dopants such as Co, Ni, Ir, and Cu

have also been studied with noted improvements in sensitivity to hydrogen (51).
2.2.3.2 Thin Film Sensors

With the push for miniaturization and advancements in integrated circuitry, more and more
research has been focused on thin film sensors. These sensors have sensing layers in the
thickness range of 5 nm to 1 µm and can perform with faster response times because the
response is mostly a surface reaction process. These thin films can be deposited in
numerous ways; thermal evaporation (52), sputtering (53) (54), spray pyrolysis (55), and sol
gel (56). One of the most widely used processes in thin film deposition is sputtering.
Gaggliotti sputtered 50 nm of SnO2 and doped with Pt (sputtered top layer) and Sb (10
wt%). The sensitivity at low temperatures was greatly increased with the Pt over-layer but
the improvement in performance significantly decreases at temperatures of 150˚C or above
(53). The use of nanowires or nanofibers has become the focus of many studies for both
thick and thin film sensors. Zhang et al. screenprinted SnO2 nanofibers doped with 3 wt%
Pd. At 280˚C the doped sensor was able to sense down to 4.5 ppm while the undoped
sensor could only sense down to 25 ppm (57). With thin films, the sensitivity is increased
from 5.5 to 118 with 2 wt% Pd dopants and lowers the optimal working temperature from
150˚C to 100˚C as shown by Shen et al. (58). Even though the use of nano-scale materials
or films tends to reduce the response time and increase the sensitivity of the sensor, these
methods are expensive and can limit the composition of the sensing materials. The majority
of this research is also focused on developing a sensor that can perform at near room
temperatures.
Another important factor for solid state sensors is the electrodes that interact with the
sensing material. The geometry and material of these electrodes have a great effect on the
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performance of the sensor. Typical interdigitized electrodes (IDE’s) are fabricated in a comb
like design as in Figure 16.

Figure 16: Schematic of interdigitized electrode pattern with various geometric parameters.

The main parameters being the teeth spacing or gap between each of the teeth in the above
figure, teeth width, teeth length, and number of teeth. For the spacing, the larger the gap
means a large sensitive area which increases sensitivity. However, the path for the current
is longer and is more susceptible to free charge loss (59). This can be overcome by using
long fingers or increasing the number of fingers. When studying the effect of gap size in a
NO2 sensor using WO3 as the sensing material, it was found that for gap sizes larger than
0.8 µm, the sensor response was unchanged but for gap sizes below 0.8 µm the response
tended to increase with the decreasing gap size . It was determined that the resistance at
the electrode-grain interface to the total sensor resistance became larger when the gap size
is decreased (60). This means that with smaller gap sizes, the material of the electrode
plays a role in the sensing capability of the sensor. Typical electrode materials, Pt, Pd, and
Au, are active catalysts and can increase activity within the spillover zone as seen in Figure
17.
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Figure 17: Illustration of spillover effect between a noble metal promoter and the MOS material at the
sensors’ surface (61).

The spillover zone is the diffusion of an adsorbed gas from an active adsorbent to an
inactive support. When the gap width becomes comparable to the spillover width then the
geometry of the electrode becomes a noticeable influence on the sensors performance.
The spillover zone is dependent on the sensing material and the gas species being sensed
so the electrodes must be tailored to each application. Dutronc et al. reported the difference
that the electrode material makes for both SnO2 and Fe2O3 semiconductors. Comparing Pt,
Au, Pt/Au, and Ag/Pd and nickel electrodes they found that both Ag/Pd and nickel shorted
out or had negligible sensitivities at 300˚C and above. The silver migrated into the oxide
and shorted out the sensor. The nickel oxidized during the firing of the oxide and operated
at too high of a resistance to detect changes due to gas concentrations. For SnO 2, the
response to methane was 10x smaller with Pt/Au electrodes than just pure Pt or Au
electrodes alone and by sputtering Au instead of screenprinting, the sensitivity was further
improved. For the Fe2O3 semiconductor, the difference between sputtered vs.
screenprinting was not seen. This further proves that the pairing between the electrode and
sensing material must be optimized for the application (62).
2.3 Sensing Materials and Nanomaterials for High-Temperature Applications
As promising as SnO2 is, like most metal oxide materials it is unsuitable for high temperature
applications. Not only do MOS materials coarsen which greatly reduces their sensitivity and
response time, but the metals reduce killing the performance of the sensor. Another issue
with high temperature applications is the atmosphere typically associated with the processes
that would require gas sensors. For example, the operating temperature of a slagging
gasifier is between 500 to 1300˚C with an outlet temperature of 1500˚C and an atmosphere
consisting of 39.2% H2, 40.3% CO, 0.11% CH4, 17.3% CO2, 0.87% H2S, 0.41% H2O, and
0.78% O2 (63). The high amounts of H2 and CO, would render most sensors useless. In
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addition to that, the gasifier has very little oxygen in the atmosphere for most sensors to
function. Because of this research is moving away from traditional materials like SnO 2 and
venturing into refractory perovskite and pyrochlore structures.
Most high temperature sensor research is directed to emissions related gases such as CO,
NOx, etc. For example, there have been several high temperature sensors to come out of
the Center for Industrial Sensors and Measurments at The Ohio State University. Akbar et
al. has shown great sensitivity to oxygen at 700˚C with a YSZ-based sensor (64) with a
Ni/NiO reference electrode and a niobium oxide based sensor at 1200˚C for a short time
period with 90% response of less than 1 second (65). Ga2O3 is also a prominent material
used for CO and NO2 sensing in the temperature range of 600˚C - 800˚C and show faster
response and recovery times and lower cross sensitivity than traditional SnO2 sensors (8).
Fleischer et al. showed that changing the operation temperature of a thin film Ga 2O3 sensor
modified the gas sensitivity. As seen in Figure 18, the sensor was more sensitive to H2 at
750˚C but to CH4 at 1000˚C (66) meaning that one material can be used for several different
gases by varying the atmospheric conditions and could therefore cause cross-sensitivity
issues.

Figure 18: Temperature dependence of the gas sensitivity for several gases (66).
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In this growing field of research, a few material compositions have emerged as top
candidates for high temperature applications. Silicon carbide is a high temperature/high
voltage material predominantly used in electronics but has become a material of interest for
hydrogen sensors. Another group of materials that have been researched are the
pyrochlore/perovskite materials. These ceramics are microstructurally stable at extreme
temperatures and can be stochiometrically tailored for certain electrical properties.
2.3.1 Silicon Carbide
Silicon Carbide (SiC) can be produced in a variety of crystal structures each consisting of
50% carbon and 50% silicon that are covalently bonded. Each crystal structure exhibits
unique electrical properties. Because of these electrical properties, SiC is being research in
a variety of high temperature electronics applications. The most common crystal structure
used in high temperature applications is the β structure because of its high electron mobility.
Tobias et.al formed a platinum-insulator-silicon carbide schottkey diodes that are able to
operate at 700-800˚C as a field effect sensor for hydrogen and hydrocarbons (67) (68).
Even though this material shows potential for harsh environmental sensors, the fabrication
of these sensors is quite complex and expensive. Doping is extremely important for the
conductivity of a material and is difficult with SiC because the dopant material must be
added during crystal growth or through ion implantation. Also, an etchant process is usually
required with the fabrication of these sensors and there are currently no wet etchants to date
that can remove SiC at room temperature. Etchants such as KOH, NaOH, and KNO3 must
be heated to temperatures around 900˚C for SiC and can cause point defects in the material
due to the elevated temperature of the process (69). Another drawback to this material is
that in the presence of H2O or O2 at high temperature SiC oxidizes to SiO 2 which reduces its
electrical properties.
2.3.2 Perovskites
Solid electrolytes have been the focus of high temperature applications such as solid oxide
fuel cells because of their high ionic conductivity at elevated temperatures. Recently these
materials have been looked at for gas sensing due to the conductivity and microstructural
and morphological stability at high temperatures. Both perovskites and pyrochlore
structures have two differently sized cations which make them open to a variety of dopants
and allows for a tailoring of catalytic properties. The most common perovskite structures for
H2 sensing in literature include SrCeO3, BaCeO3, SrZrO3, and CaZrO3. These materials are
notable proton conductors and have a low activation energy at elevated temperatures (70).
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Most of these materials rely on a dopant to optimize the ionic conductivity. Taniguchi was
able to create a stable limiting-current type sensor using BaZr0.4Ce0.4In0.2O3 (BZCI) with
confirmed proton conduction at 800 and 1000˚C in a wet pure hydrogen atmosphere (71).
The main issue with these oxides is that the cerates react with CO2 and form carbonates.
For example SrCeO3 reacts with CO2 forming SrCO3 and could possible decompose to SrO.
This reaction can be seen in Eq(11) and Eq(12) (72).

( )

( )
( )

( )
( )

( )
( )

(11)
(12)

Yb doped SrCeO3 reacted with 10% CO2 at 500˚C (73) and BaCeO3 was found to be
thermodynamically unstable after a certain H2O vapor pressure (74). These problems
hinder the use of these materials in practical use. Zirconates are much less reactive with
CO2 than cerates. Mostly these materials are used in a potetiometric or amperiometric
sensor design; however, by using SrCe0.95Yb0.05O3 in a conductometric design, researchers
were able to sense hydrogen at 1000˚C as shown in Figure 19 (70).

Figure 19: Conduction of SrCe0.95Yb0.05O3 thin film switching between N2 and N2/H2 (70).

Even though there is good sensitivity with this material, the response and recovery time is
very slow (exceeding 10 min at <10% H2). This slow response time is seen in most
perovskite type solid electrolytes most likely caused by the low rates for ion diffusion (70).
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2.3.3 Pyrochlores
The pyrochlore structure (A2B2O7) is a superstructure of a disordered fluorite structure with a
double a-axis where the larger A3+ cations are eight-coordinated located within distorted
cubic polyhedral, the B4+ cations are six-coordinated and located at the center of a triagonal
antiprism, the 48f oxygen is coordinated to two B4+ and two A3+ cations, while the 8b oxygen
is coordinated with four A3+ cations (Figure 20(a)). Most rare earth zirconates undergo a
phase transformation from a fluorite to pyrochlore. When changing to the fluorite structure
(Figure 20(b)) the A and B cations become completely disordered and the oxygen anions
evenly distributed.

Figure 20: Structure of pyrochlore and defect fluorite for Gd2Ti2O7 (75).

The ordered cubic pyrochlore structure seen in Figure 20 is not conductive due to the 8a
position being vacant, however, by disordering this structure or partially occupying the 8a
site with an anion it becomes highly conductive. The most stable intrinsic defect in these
compounds is an oxygen Frenkel pair consisting of a vacant 48f position and an interstitial
ion on the 8a site (76). This disordering can be achieved by controlling the cation radius
ratio r(A3+)/r(B4+). Numerous studies have been conducted on the improvement of ionic
conductivity by substitutions of the A and B cation sites with a large number of studies being
focused on Gd2Zr2O7 (GZO) which has the highest oxygen-ion conduction of pyrochlore
structures.
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2.3.3.1 Gadolinium Zirconate (Gd 2Zr2O7)

Because of this unique property and thermal stability, Gd2Zr2O7 has been investigated for its
use in a number of high temperature applications. It not only conducts oxygen, but with the
addition of humidity to the environment, this zirconate can also conduct protons making it a
mixed ionic conductor. Its structure allows for both A and B site doping giving this material
versatility in its electrical properties.
As stated earlier, the disordered pyrochlore structure is much more conductive than the
fluorite structure of the same composition due to the Frenkel defects, which lower the
activation energies for migration (77). Liu et al. attempted to increase the conductivity of
GZO in the defective fluorite phase by substituting Yb on the Gd site. With the increase of
Yb, the activation energy (Eg) and pre-exponential factor (σog), or the number of charge
carriers available for conduction, increase. The electrical conduction of the system
decreases with the increase of Yb because Eg and σog are competing processes and the
increase in σog is not enough to overcome the increase in Eg. Therefore the defect fluorite is
not improved with substitution at the Gd site with isovalent rare earth cations like Yb (78).
The pyrochlore structure of GZO is one of the highest conducting materials and can be
improved by increase the disorder of the structure. In its pure form, the conductivity of GZO
is completely ionic and unaffected by the partial pressure of oxygen as seen in Figure 21.

Figure 21: The PO2 dependence on the conductivity of Gd2Zr2O7 (79).
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This is not true of all stoichiometries of GZO. The addition of dopant on the A and B sites of
the pyrochlore change the magnitude, and type of conduction at various partial pressure of
oxygen. Tuller and his associates have done numerous studies on the effect on ionic
conductivity of this pyrochlore in relation to substitutions made on both the A and B sites.
They have proved that the ionic conductivity can be increased by decreasing the average A
to B site cation radius ratio by substituting Ti on the Zr site, Gd2(Ti1-xZrx)2O7 (GZT). When
x>4, this material becomes an intrinsic ionic conductor that is double that of GZO (80).
When x<4, the material behaves as a mixed ionic and electronic conductor (MIEC) with ptype conduction at high partial pressures of oxygen and n-type conduction at low partial
pressures of oxygen.
Since the ionic radius of tin (Sn4+) is between Zr4+ and Ti4+, these researchers believed
substituting Sn into the Zr site should be comparable to GZT. When Sn is completely
substituted for Zr, the material exhibits p-type conductivity at high partial pressures of
oxygen followed by a partial pressure independent region contributed to pure ionic
conduction. At low partial pressures, the usual n-type conduction was not seen due to the
reduction of tin in reducing atmospheres as seen in Figure 22.

Figure 22: Log conductivity vs Log partial pressure of oxygen of Gd2Sn2O7 and Gd2(Zr0.8Sn0.2)2O7.

However, when Zr is replaced by 20% Sn, the conduction of the material becomes purely
ionic, regardless of the partial pressure of oxygen (81). Overall, the addition of Sn to
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Gd2(Ti1-xSnx)2O7 (GTS) and Gd2(Zr1-xSnx)2O7 (GZO) increased the intrinsic anion disorder in
GTS but not GZO because the ionic radius of Sn is so close to that of Zr.

Figure 23: Log σ vs Log Po2 of Gd2(Ti0.8Sn0.2)O7 at various temperatures.

It also decreased the oxygen vacancy mobility in both systems as the amount of Sn was
increased. This decrease in oxygen vacancy mobility is cause by both the lower dielectric
constant and strong covalent Sn-O bond (79).
Tamakamura and Tuller also investigated the substitution of GaSb on the Zr site to increase
the disorder of the pyrochlore structure. As the % of GaSb was increased, the ionic
conductivity was also increased. They concluded that when ionic conductivity dominates,
the increase in structural disorder increases the frenkel defects. Therefore the
concentrations of oxygen vacancies are fixed and independent of temperature, so the
activation energy for ionic conduction is governed by the migration energy E m of the oxygen
vacancies (79). From these studies, it can be seen that dopants can be used to increase
the total conductivity of the material and its dependence on the materials environment.
Each study has also shown that the conductivity of these materials increase as temperature
increases. The tailoring of this material and high conductivity makes it an ideal candidate for
high temperature sensors.
There are two main strategies for using these zirconate materials for high temperature
sensors. Because these materials are so refractory, they can be used to stabilize existing
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metal oxide semiconducting materials (SnO2, CeO2, etc) that are commonly used for
hydrogen sensing. The zirconate would pin the grain boundaries of the MOS material
stabilizing them at high temperatures (Figure 24).

Figure 24: Pinning grain boundaries of traditional MOS materials with refractory zirconates.

The zirconate could also serve as an oxygen source for the MOS materials in low oxygen
atmosphere such as gasifiers. Another strategy is to directly use the pyrochlore as the
sensing material. Gadolinium zirconate is known to be a great ionic conductor and can be
enhanced to form other solid state solutions. Tin dioxide is the most widely used material
for hydrogen sensing, and tin is known to improve the ionic conductivity of GZO and will be
a large focus of this study for use in a chemiresistive type sensor.
2.4 Micro-Sensor Fabrication Techniques
There are multiple techniques that are commonly used for both thick and thin film deposition
for sensing materials. Screenprinting is the most predominantly used deposition technique
for thick films because of its ease of use and low production cost; however, new techniques
are being developed at WVU for micron scale thick film deposition. Thin film deposition has
become the focus of many research topics and has greatly improved with the development
of integrated circuit technology. These techniques include photolithography, chemical vapor
deposition, physical vapor deposition, and epitaxy.
2.4.1 Thick Films
The most commonly used method for depositing thick films is screen printing. The metal
oxide or metallic powder is mixed with a binder system to form an ink or paste. A squeegee
then presses the paste through a screen that acts as a mask for the ink to be transferred to
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the substrate. The organic binders are then burned out during an annealing cycle. With this
technique no other masking or coatings are needed to form patterns on the substrate. This
film can range from 10-50 μm depending on the spacing between the mask and the
substrate, the pressure of the squeegee, ink viscosity, and other parameters (82). Multiple
layers with a variety of materials can be printed sequentially allowing for a complex structure
with a multi-function design. The main drawback to this method is the resolution because
the features are limited by the screen. Most screen meshes are limited to 100 μm.
Therefore, this method is mainly used for macro sensor designs and electrode patterning.
2.4.2 Thin films
Most of the deposition processes rely on photolithography to pattern the electrodes and
sensing area. Photolithography patterns by selectively removing areas of a photosensitive
film, photoresist, on a substrate by exposing over a mask. A radiation source is used over a
glass or quartz plate with opaque and transparent patterns to either expose or conceal the
resist. For positive photoresists, the polymer chain regions that are exposed are unlinked
and are dissolved using a developer as seen in Figure 25(a). Negative photorists crosslink
as they are exposed to a radiation source and stay in place when developed as in Figure
25(b).

Figure 25: Exposure and development of a) positive and b) negative photoresist (83).
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A complete procedure for a negative photoresist can be seen in Figure 26 consisting of the
substrate cleaning, spin coating of the resist to get a uniform thickness, a softbake to
remove the solvent from the resist, exposure, hard bake to finalize the crosslinking and the
development for removal of unlinked regions.

Figure 26: General UV lithography process with negative photoresist (84).

These developed sections are usually used for a lift off process where the substrate is
sputtered with a metal or ceramic and then removed with acetone or a remover solution as
seen in Figure 27.

Figure 27: Lift-off process (a) patterned sample, (b) sample after deposition, and (c) sample after lift-off
(85).
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There are multiple types of lithography depending on the type of radiation used for
patterning. Each type has an increasing degree of resolution going from UV (0.2 μm), x-ray
(0.1 μm), and e-beam (< 0.1 μm). Broad band UV is the most widely used because of its
ease of use, repeatability, and cost effectiveness (86). Typically a mask aligner or flood
exposure system is used, both of which are relatively inexpensive and the process can be
completed within 30 min. The downside to this system is that you can only reach 1-2 μm
feature size. The substrate’s material and surface quality must also be taken into
consideration as it greatly affects the outcome of your pattern. Deep UV used shorter
wavelengths of light (10-121 nm) than traditional broad band UV (200-400 nm) and has
improved resolution to 350 nm but is a much more complicated and expensive process. Not
only does it require an expensive UV source but it also needs a cooling system to keep from
damaging the resist (83). X-ray lithography can produce high resolution features with
increased aspect ratios. Because x-rays react with materials different than UV rays,
different materials are used as far as the mask construction and resists. The masks must
contain an x-ray absorber, usually gold, and polymethyl methacrylate (PMMA) is a typical
resist used. The drawback to x-ray lithography is the cost.
In order to offset the cost, traditionally researches use the LIGA process with x-ray
lithography. LIGA is the German acronym Lithographie, Galvanoformung, Abformung,
which in English stands for Lithography, Electroforming, and Replication. This process uses
x-ray lithography to create a mold in the PMMA that is bonded to a conductive substrate.
The resist is developed and metal is deposited onto the surface via electrodeposition. The
remaining resist is etched away forming a metallic mold. This mold can be used to make
micro parts with other techniques like injection molding. Figure 28 is a schematic of this
complete process.
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Figure 28: Schematic of LIGA process (87).

The last of the lithography techniques has the best resolution, but is the most expensive and
time consuming of each of the processes. With e-beam lithography a mask is not needed
because the electron beam directly writes the pattern into the resist. Because an electron
beam is used there is no diffraction limit as with light and features in the tens of nanometers
can be achieved. Typically because of its cost and time constraints e-beam lithography is
mainly used in research and lithography mask manufacturing.
Many thin film techniques are used along with photolithography. The three main processes
used for thin films are physical deposition, chemical vapor deposition, and epitaxial growth.
Physical deposition (PVD) relies on a specific environment so that the particles of a material
escapes its surface and lands on the cooler surface of the substrate forming a solid surface.
These processes all occurs in vacuum so that the particles can travel as freely as possible.
Sputtering is a physical deposition technique that uses plasma to knock the material from a
target, or source, and then lands on the substrate. Evaporation uses either thermal or ebeam heating to evaporate the source material within a crucible. Thermal heating physically
heats the crucible with a resistive heater which can sometimes introduce contaminants into
the film from the breaking down of the crucible. An e-beam that is focused on the crucible
not only is less prone to contamination, but can also deposit a wider range of materials than
thermal heating (86).
Chemical vapor deposition (CVD) has a few advantages over PVD. CVD has high
deposition rates, does not often require high vacuum, can deposit very high purity materials,
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and creates uniform film thicknesses along sidewalls. PVD often has uneven coverage
along high aspect ratio walls due to the need for line of sight between the substrate and the
source (88). CVD introduces a precursor gas or gasses into the chamber where a heated
substrate is located. Chemical reactions occur near or on the heated substrate forming a
solid surface.
The last process used most often for thin film deposition is epitaxy and is mostly used to
deposit the sensing material on top of the electrodes. In this technique the substrate is used
as a seed crystal and the film precursors can either be in gas or liquid form. The deposited
film then takes on the lattice structure and orientation of the substrate. There are three
forms of epitaxy: homoepitaxy, heteroepitaxy, and heterotopataxy. Homoepitaxy uses the
same substrate and film materials. This is typically used to grow films that are of a higher
purity than the substrate or multiple layers with different doping levels. Heteroepitaxy uses
different materials for the substrate and film which is commonly used to grow single crystals.
Heterotopataxy is similar to heteroepitaxy but is not limited to two dimensional growth (86).
2.4.3 New Micro-Deposition Processes
A new technique that has gained attention is the lost mold process. Similar to the LIGA
process, it uses photoresist as a mold for a secondary material. Typical photolithography is
used to create deep, high aspect ratio molds onto a ceramic substrate. A slurry of a
ceramic, metallic, etc. material is then casted into this mold and sintered. There are multiple
techniques to removing the photoresist mold, thermal decomposition, chemical dissolution,
or reactive ion etching. There are pros and cons to each of these methods depending on
the type of material casted into the mold. Thermal decomposition can often time crack the
molded parts due to the high temperatures needed to decompose the photoresist and the
mismatch between thermal expansion coefficients between the mold and the casted
material. Chemical dissolution introduced the molded material to an organic solvent that
can change the electrochemical properties of the material and ion etching tends to be
difficult for the highly crosslinked photoresists (89). The majority of researchers use this
technique to form free standing micro parts. Antolio et al. uses SU8 to form molds for micro
tetragonal zirconia polycrystals (TZP) bend bars, freeing these structures by burning off the
resist during a heat cycle. They were able to produce relatively dense bars with a 95%
confidence interval of <± 1 μm for the overall dimensions of 340 μm x 30 μm x 20 μm and an
aspect ratio of 15:1 (90). Garino et al. used both PMMA and PDMS as molds for ceramic
micro gears. The ceramic slurry was freeze dried and then removed from the mold to be
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sintered. They were able to create ring gears with a diameter of 2 mm and a thickness of
250 μm out of alumina (91). At WVU a technique has been developed to both create micro
3-D features like the one seen in Figure 29 but to also bond it to the substrate. This
technique will be discussed and researched in Chapter 5 of this dissertation.

Figure 29: Micron-scale 3-D structure composed of nano-composite electrode powders produced at
WVU by microcasting technology.
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Chapter 3: Synthesis of Pyrochlore Nanomaterials
3.1 Introduction
In order to produce crystalline nanoparticles, many methods are commonly used, such as
solid-state, sol-gel, co-precipitation, and hydrothermal methods. Solid state method is one
of the simplest methods which involves mixing the proper stoichiometric ratio of metal
oxides, carbonates, and/or hydroxides with modifiers and then calcining the powder at high
temperatures. The high temperature treatment results in the interdiffusion of the precursor
ions/atoms and the solid-state reaction to produce the thermodynamically stable compound.
After this reaction, the product is further processed through a mechanical milling step to
reduce the particle size. This method is simple, but gives poor compositional and
morphological control and usually results in low purity materials (92). The sol-gel technique
allows for excellent control of both composition and morphology, but is often expensive and
results in low yields. A gel is formed from a solution of metal compounds or a suspension of
very fine particles in a liquid and is dried and ground to produce a powder. This gel can be
formed by hydrolysis, condensation, and gelation with a suitable concentration of reactants
and the proper pH for a reaction (93).
Co-precipitation is one of the most widely used processes in order to produce powder of
closely controlled stoichiometry, composition, and particle size. With this method, a solution
of alkoxides, mixed salts, or a combination of the two is added into a solution (aqueous or
non-aqueous) and a precipitation agent is usually used to force the dissolved species out of
solution as a highly-mixed, particulate suspension. With a calcination and milling step, the
precipitated product can be transformed to the proper crystalinity and composition through a
solid-state reaction process at elevated temperatures.

Complications arise with the

difference in hydrolysis rates of the reactants in the solution which can result in segregation
of the precipitated materials (94). Pourbaix diagrams are used to determine the proper pH
of the precipitation agent to co-precipitate the reactants.
A hydrothermal method can also be used to form a crystalline composition of these
precipitated reactants, eliminating the calcination step. The hydrothermal method produces
homogeneous nucleation and grain growth giving fine particulates with controlled size,
shape, crystalinity, and composition (95). To develop a crystalline powder, typically an
aqueous based solution of metal salts, oxide, hydroxide, or metal powder is placed in a
sealed container and is heated to temperatures between 50-400˚C. The equilibrium vapor
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pressure of the solvent (in many cases water) at the elevated temperature is the source of
the pressure over the solution. Depending upon the rating of the pressure vessel, up to
22.1 MPa can be reached at these temperatures (94). Variables such as the temperature,
heating time, reactant ratios, reactant solubility, pH and solution concentration all have an
effect on the size, crystalinity, purity, and chemical homogeneity of the reacted solution (93).
Most researchers use co-precipitation and a calcination step to produce gadolinium
zirconate (GZO). Because they are often studying the electrical and thermal properties of
the material, producing the pyrochlore phase at the nanoscale is not of interest. Multiple
studies have shown that lanthanide series zirconates that are mechanically mixed or
precipitated and then calcined at a temperature between 1500˚C- 1600˚C, depending on the
cation radius ratio, tend to produce a pure pyrochlore phase. Unfortunately, the final powder
usually shows very high particle size that must be mechanically milled, and typically only
access sizes down to roughly 1 micron in size with reasonable milling times. If calcination
temperatures exceed these temperatures, the fluorite phase of these lanthanide series
zirconates is the usual stable phase that forms (76) (78) (96). Methods such as sol-gel and
hydrothermal processes are capable of producing particles less than 100 nm with low
calcination temperature (less than 500˚C). Other processes such as solid-state or coprecipitation produce particles around 100 nm to several microns with calcination
temperatures of 800 to 1500˚C, respectively.
Due to the low reaction temperatures, freedom and ease of doping compounds, and control
of particle size and crystalinity, the hydrothermal method is an attractive method for
synthesizing these materials. Multiple researchers have successfully formed a doped
pyrochlore or the defect fluorite phase of gadolinium compounds using low temperature and
long dwell times in an autoclave. Gao et al. substituted Tb into GZO by processing a nitrate
and ammonia solution at a pH of 10 at 200˚C for 20 hours. With the addition of ammonia,
nanorods with a diameter of 30 nm and lengths from 150-300 nm were formed.
Researchers Jin et al. (97) and Zhang et al. (98) both experimented with doped and
undoped Gd2 Sn2O7 materials respectively. Jin et al. produced a Yb doped pyrochlore by
processing the solution at 180˚C for 18 hours. Zhang et al. researched the effect of the pH
of the solution on the phase produced. A pH of 6 was needed to form a cubic pyrochlore
phase with particles sizes from 10-100 nm. With a pH lower than 6, the addition of a
cassiterite SnO2 with a tetragonal system forms. With pH’s higher than 6, gadolinium
hydroxide can be seen as an additional phase.
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As discussed in Chapter 2, the sensitivity of chemiresistive sensor is dependent upon an
array of variables, but the main sensing characteristics of adsorbing material is based upon
the surface chemistry and the available surface. The bulk composition also has an influence
on the electrochemical reactions in thick films. The porosity of the film increases the
sensors reaction due to diffusion into the grain boundaries through the percolation paths
throughout the thickness of the film. In this case, the hydrothermal method is preferred for
this research in order to closely control the grain size and composition of the sensing
material. Dopants will be used to optimize the conduction of gadolinium zirconate, stannate,
and titanate pyrochlore materials as discussed in Chapter 2. A detailed discussion of the
conduction mechanisms will be discussed later in Chapter 4. The effects of A- and B-site
substitutions on the structure will be investigated along with the hydrothermal synthesis
conditions to form stable pyrochlore materials. Because the solubility of the species is
dependent upon the starting material, temperature, and pressure, a series of experiments
will be set-up for each of the three material systems (zirconates, stannates, and titanates).
Most research on the synthesis of these materials has focused on solid-state, with a very
few focusing on hydrothermal methods of undoped-systems (as presented in the above
paragraphs). This work will investigate co-precipitation and hydrothermal synthesis of
pyrochlore compositions with complex substitutions for the A- and B-sites.
3.2 Experimental
Multiple hydrogen sensing material materials were developed: tin dioxide (SnO2), dopedgadolinium zirconate (Gd2Zr2O7), gadolinium stannate (Gd2Sn2O7), and gadolinium titanate
(Gd2Ti2O7). Each system requires its own experimental conditions due to the difference in
solubility and hydrolysis of the starting materials. A brief explanation of the procedures will
be described and details of the synthesis of each material system will be described further in
the results and discussion section of this chapter.
Tin oxide is well-known for its hydrogen sensing capabilities; therefore, it is serving as the
testing baseline for confirmation of processing techniques and comparison studies of the
selective nanomaterials. The oxide sensing materials were created using two distinct
methods: 1) Metallic oxide powders were formed into inks with macro-scale particles sizes
and 2) Compounds of nano-scale particles sizes were formed using the hydrothermal
method that will be described.
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The first batch of SnO2 ink was made by mixing 5 g of SnO2 (stock #11536, VWR) particle
sizes less than 10 µm with 3.5 g of binder, J2M, (63/2, Johnson Matthey, UK). Two different
microstructures of the nano-scale SnO2 were produced hydrothermally: nano-spheres and
nano-sheets. Each was precipitated by dissolving SnCl2•2H2O (Alfa Aesar) in either DI H2O
for the nanosheets, or ethanol for the nanospheres, and adding dropwise a base (NaOH or
TMAOH) until the pH of the solution reached 13, as presented by Yue et al. (99). This
solution is then placed in EZ-Seal autoclave (401A-8336, Autoclave Engineers, PA) for 12
hrs at 180˚C.
The zirconate materials were synthesized using a similar hydrothermal method. As
previously described, most studies use solid-state reaction or sol-gel method to create
zirconate pyrochlore materials, so appropriate solution conditions and temperatures were
investigated to optimize a hydrothermal method for pure gadolinium zirconate and doped
zirconates. Gadolinium carbonate (99.99%, VWR) and zirconium dichloride oxide (99.9%,
VWR) were co-precipitated with a variety of dopants including yttrium (Y) and samarium
(Sm) for the A-site, and Tin (Sn) for the B-site. In some cases, the Zr in the B-site was
completely replaced by Sn or Ti to form these respective Gd-pyrochlores. The
compositions and precursor solutions are listed in Table 1.
Table 1: Experimental zirconate compositions (all precursors >99%, Alfa Aesar)

Composition

Dopant Precursor

Gd1.8Y0.1Zr2O7
Gd1.6Y0.4Zr2O7
Gd1.6Sm0.4Zr2O7
Gd1.2Sm0.8Zr2O7
Gd2Sn2O7
Gd1.6Sm0.4Zr1Sn1O7

Yttrium (III) nitrate hydrate
Y(NO3)3•xH2O
Samarium(III) Carbonate Hydrate
Sm2(CO3)3•xH2O
Tin DiChloride
SnCl2•2H2O

The solutions of these precursors were mixed in the proper ratio with magnetic stirring and
were placed drop wise into a basic solution of TMAOH and DI H2O. The pH of the solution
was changed according to the hydrolysis of the precursors and will be detailed in the
following section. These solutions were placed in the autoclave at temperatures ranging
from 160 - 300˚C for dwell times of 1-10 hours. Once removed from the autoclave vessel,
the solution was placed in a centrifuge and the liquid was removed and replaced with
ethanol several times. After this washing step, the material was dried at 60˚C overnight and
sieved through a 200 mesh screen for characterization.
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In order to synthesize the titanate materials, a solution of TiOCl2 was prepared using
titanium tetrachloride (99.99% TiCl4, Alfa Aesar) as a starting material. The TiCl4 was chilled
and dripped into an ice bath of de-ionized water to form TiOCl2 and HCL via the following
reaction (100).
(13)

The TiOCl2 solution was mixed stochiometrically with gadolinium carbonate keeping the pH
around 6 and reacted in the autoclave.
Crystal structures of the dried powders were characterized by x-ray diffraction (XRD) at
room temperature using a Panalyltical X-Pert Pro diffractometer (PW 3040Pro, Westborough
MA) with Cu Kα radiation with a scan rate of 4 deg/min in the 2θ range of 10-70˚. Their
morphologies were examined using a scanning electron microscope (SEM, JSM-7600F,
JEOL, MI) and a transmission electron microscope (TEM, JEM-2100, JEOL, MI) to confirm
crystalinity and particle size. The hydrothermal solutions were diluted, sonicated, and
dropped onto a for TEM analysis. Both dried and sintered powders were placed on a
carbon film and coated with Au-Pd for SEM micrographs.
3.3 Results and Discussion
3.3.1 Tin Dioxide (SnO2)
As mentioned above, several different additives and solvents were used to produce a variety
of SnO2 nano-morphologies. Yue et al. demonstrated two co-precipitation and hydrothermal
methods to produce spherical and sheet like SnO2 particles (99). 1.3 g of tin dichloride is
dissolved in 20 ml of ethanol and dropped into a 50 ml solution of DI water with 1 g NaOH
which produced a white precipitate. 150 g of the solution was placed in the autoclave and
processed at 180˚C for 12 hours which produced nanospheres as seen in Figure 30(a).
When the ethanol was replaced by 20 ml of DI water, the nanosheets in Figure 30(b) were
created. These particles, as compared to Alfa Aesar’s macro SnO2 powder (Figure 31) are
much more homogeneous in size.
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Figure 30: Hydrothermally produced SnO2 particles

Figure 31: Alpha Aesar macro SnO2 powder

Hydrothermal synthesis not only allows for tailoring of size and composition of a material but
also the shape of the particles as seen with the SnO2 spheres and sheets. The sensitivity of
a sensor is largely based on this morphology and studies have shown that faceted particles
have higher sensitivity to gases due to the larger surface area of the particles (24). Other
hydrothermal studies have shown that rare earth oxides and hydroxide materials tend to
form rods when an ammonia based mineralizer is used during a high temperature/pressure
hydrothermal process due to a scrolling mechanism (101). With these studies in mind, an
experiment replacing NaOH with TMAOH during the precipitation of the tin dichloride was
performed and a different morphology was created. The transmission electron microscope
(TEM) revealed nanospheres on the order of 3 nm, and when observed by the scanning
electron microscope (SEM), the nanoparticles had agglomerated into needle-like structures
(Figure 32). Throughout this paper, these nano-SnO2 particles with a unique macroscopic
morphology will be termed WVU nano-agglomerates to differentiate from the SnO2
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particulate mixture obtained from Alfa Aesar. The specific morphology and method for
producing them has not been seen previously in literature.

Figure 32: TEM and SEM SnO2 nano-agglomerates. TEM images revealed spherical particles around 3
nm while SEM images show the particles ordered into needle like structures.

XRD scans of the WVU nano-agglomerates both un-sintered and sintered were performed
in order to confirm a single phase material. Particle size can be calculated from these scans
using the Scherrer equation (102),

(14)

where k is the shape factor which for spherical particles k=0.9, λ is the x-ray wavelength, β
is the line broadening at half max intensity of the main peak, and θ is the Bragg angle.
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Figure 33: Normalized XRD of un-sintered and sintered WVU nano-agglomerates. Broad peaks indicate
nano-sized particles while the sintered powder confirms single phase of SnO2.

The scan from the dried SnO2 powder shows characteristic broadening due to the size of the
hydrothermal powder. The calculated particle size using equation 14 was 20 nm which is
slightly smaller than the length of the needles seen in the SEM micrographs in Figure 32
which are seen to grow up to 200 nm in length but larger than the 4 nm particles seen in the
TEM images; however, the shape factor used in the calculation is mostly used for cubic or
spherical particles and the result may vary due to the slight anisometric morphology of the
particles.
Since this material is of interest for high temperature testing, 2 g of powder was sintered in
an open alumina crucible for one hour in air to 1200˚C. The narrowing of the peaks in
Figure 33 indicates a growth in the particles. The particles sizes calculated from the Bragg
angle from the 111 peak was ~92.5 nm. SEM images of the sintered powder were taken to
confirm the calculated particle size and can be seen in Figure 34.
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Figure 34: WVU nano-agglomerates sintered to 1200˚C. Particle size increased from 4 nm to over 0.2 µm
but retained a faceted morphology.

When thermally processed at the stated temperature, the WVU nano-agglomerates form
elongated crystals (grains) on the order of 0.2 -1 µm, which is within range of the calculated
particle size. Even though tin oxides such as these shown are being used as the active
hydrogen sensor materials they are limited by their operation temperature by this grain
growth, and sintering, at these high temperatures which decreases the stability and
sensitivity of the sensor system. However, as explained in Chapter 2, it is thought that
adding a refractory material such as gadolinium zirconate to the sensor system can be used
to pin the grain growth of the tin dioxide to stabilize the system within air environments (or
higher pO2 environments).
3.3.2 Gadolinium Zirconate (GZO) compounds (Gd2Zr2O7)
3.3.2.1 Pure Gadolinum Zirconate (Gd 2Zr2O7)

Initially, the Gd2Zr2O7 was synthesized by dissolving 16.16 g of gadolinium carbonate into
200 g of 1 mol solution of nitric acid, then co-precipitating the gadolinium and zirconium
chloride in a basic solution of 100 g TMAOH and 500 ml DI water keeping the pH above 10.
This solution was centrifuged and washed several times until the conductivity of the solution
was reduced to below 10 mS/cm. 100 g of this solution was placed into the autoclave at
temperatures from 180-260˚C for hold times of 1-8 h. Figure 35 shows the XRD results of
the powders formed from these initial conditions.
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Figure 35: XRD analysis of hydrothermally produced Gd2Zr2O7. All patterns are consistent with a
defective fluorite crystal structure
*TMAOH

All the products synthesized by low temperature hydrothermal reactions are identified as the
defective fluorite-type crystal structure (JCPDS No. 79-1146). The additional peaks
indicated are TMAOH salts (JCPDS No. 38-1727) left over from insufficient washing of the
solution after the hydrothermal process. The broadness of the peaks suggests nano-sized
nature of the particles. Using equation 14, the particle sizes were calculated to be 5.79 nm,
7.18 nm, and 7.71 nm for 160, 200, and 240˚C for one hour. To confirm these calculations,
TEM images were taken of each of the solutions and can be seen below in Figure 36. The
sample preparation method was similar to that used for the nano-SnO2 particles discussed
previously, and this same methodology will utilized for other nanomaterials synthesized
throughout the rest of the chapter.
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Figure 36: TEM of hydrothermally produced GZO at (a) 160˚C, (b) 200˚C, (c) 240˚C. Particle size is
increased from 3 to 6 nm by increasing the hydrothermal temperature from 160 to 240˚C.

Very little difference in particle size was seen between these conditions with average
particles sizes of 3, 4, and 6 nm at 160, 200, and 240˚C respectively. Powder (2 g) from the
240˚C hydrothermal synthesis was taken and 1 g was calcined to 800˚C at a heating rate of
3 deg/min and held with an isothermal hold for 10 h. The other gram of powder was
calcined to 1200˚C for 10 hours to monitor coarsening and stability of the grains at high
temperature. The XRD of these two powders are presented in Figure 37.

Figure 37: Normalized XRD of calcined zirconate powder. Particle size increases significantly by
sintering to 1000˚C compared to as dried hydrothermal powder

By calcining the powder, the main peaks become much sharper, indicating a growth in
particle size. The particles sizes for each of the calcination steps were calculated to be
27.26 nm at 800˚C and then 23.3 nm for 1000˚C. To confirm this, SEM images of the
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powders were taken by pressing sintered powder onto a carbon tab and coated with an
Au/Pd coating (Figure 38).

Figure 38: SEM images of sintered Y doped zirconate. Particle size increases from 8 nm (hydrothermal
powder) to 80 nm when sintered to 1200˚C for 10 hours

The original GZO particles had an average size of 6-8 nm determined from stereology from
TEM micrographs presented in Figure 36. Over the thermal treatment, these particles
coarsened to an average particle size of roughly 50 nm at 800˚C (10 hrs) and coarsened to
an average particle size of roughly 80 nm at 1200˚C (10 hrs). BET analysis was used to
further investigate the change in particle size and porosity of the GZO when thermally
processed for 1 to 25 hours at 1200˚C. Table 2 shows that the particles grow from 8nm
(hydrothermal powder) to 240nm when sintered. SEM micrographs showed particles around
100 nm when sintered, therefore, it is likely that these particles are agglomerated causing
the particle size from BET to be larger. It also indicates that the particle size remains stable
when processed up to 24 hours. In addition to the coarsening effects, the density of the
loose powder also changed significantly. When processed for 24 hours, the volume of
pores decreases from 0.01 to 0.0065 cm 3/g, meaning the material is coarsening and
sintering at elevated temperatures which could limit diffusion of the gas through the sensing
material during testing and decrease the overall active surface area for gas-solid
electrochemical reactions. If the porosity continued to decrease as the sensor is held at
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high temperatures for an extended time, the sensitivity of the sensor could decrease
throughout the life of the sensor.
Table 2: BET analysis of un-sintered and sintered gadolinium zirconate

3.3.2.2 A-Site Doped Gadolinium Zirconates (Gd2-xLaxZr2O7)

As discussed in Chapter 2, substituting on the A- and B- sites of GZO assisted in the
stabilization of the material into either a defective fluorite or pyrochlore phase depending on
the ratio between the A to B cation radius ratio, which can increase the ionic conductivity of
the system. Guillen et al. found that when smaller lanthanides such as yttrium (RGd =1.053Å
> RY = 1.019) was substituted on the A-site, an anion deficient fluorite phase was preferred.
When larger lanthanides, such as Sm (RGd =1.053Å < RY = 1.079), was used as a dopant,
the pyrochlores phase was preferred. In order to investigate the effect of the change in the
A- to B-site ratio on the H2 sensing effects at high temperature, yttrium and samarium were
substituted into the A-site to attempt to increase the disorder of the system.
A similar hydrothermal process was used to for doped-gadolinium zirconate as pure
gadolinium zirconate. Along with gadolinium carbonate and the zirconium chloride, 2.55
grams of samarium carbonate was dissolved in 10 grams of 1 molar nitric acid and 10 ml of
DI water and added to the gadolinium and zirconium mixture before precipitating into a basic
solution of TMAOH and DI water keeping the pH above 10. For the yttrium doped zirconate,
1 g of yttrium nitrate hydrate was dissolved in 25 g of DI water an added to the
gadolinium/zirconium solution before precipitated. Both Gd1.8Y0.1Zr2O7 and Gd1.6Sm0.4Zr2O7
solutions were processed in the autoclave at 240˚C and 260˚C for 1 hour. The autoclave
was filled with approximately 100 grams of solution at a solids loading (based on post
loading) of 2 wt%. These temperatures were chosen based on the formation of a defective
fluorite phase in pure GZO at these hydrothermal conditions as a starting point to see if
disordering of the structure pushed the phase to a pyrochlore structure. An XRD analysis
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was performed on each of the powders and compared to JCPDS No. 79-1146, which
represents gadolinium zirconate in pure pyrochlores form, shown in Figure 39.

Figure 39: XRD analysis of Sm and Y doped zirconates. Scans are consistent with a single phase
defective fluorite phase.

As demonstrated by previous research, replacing gadolinium with a smaller lanthanide
forms a defective fluorite phase at 240˚C and 260˚C for one hour dwell times, while larger
lanthanide starts to form a pyrochlores phase as indicated by the superstructure reflections
at ~15˚ and 42˚. Further examination of the XRD scans indicated a peak shift with the
dopant on the a-site structure. A shift toward larger angles is seen with the addition of the
smaller lanthanide yttrium with a reduction of the lattice parameters. An opposite result is
seen with the replacement of Gd with the larger lanthanide samarium as seen in Table 3.
Table 3: XRD and lattice parameters for pure and doped gadolinium zirconate

(111) Peak Position

Gd2Zr2O7

Gd1.8Y0.1Zr2O7

Gd1.6Sm0.4Zr2O7

29.4512

29.4910

29.3972

3.0376

3.0289

3.0384

(2θ)
d-spacing (Å)
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It is possible that either higher temperatures or longer hold times could be used to stabilize
the structure into a pyrochlores phase. Because a pyrochlores phase was seen with the
samarium-doped zirconate at the lower 240˚C temperature hydrothermal process, the
yttrium-doped solution was processed with hydrothermal temperatures from 260˚C to 300˚C
with dwell times of 1, 5, and 10 h to see if the structure changed due to the change in
hydrothermal conditions. The XRD results of these hydrothermal reactions are seen for an
A-site, Y-doped GZO.

Figure 40: Hydrothermal reaction study on Gd1.8Y0.1Zr2O7 (*TMAOH residual salts). As the hydrothermal
temperature is increased, a pure pyrochlores structure begins to form.

As shown Figure 40, the hydrothermal method can produce GZO in either the fluorite or
pyrochlore phase depending on the temperature and hold times. The pyrochlore phase is
confirmed by the presence of the superstructure reflections, (111) and (331) at ~15˚ and 38˚
(2θ) respectively. The absence of these superstructure reflections suggests that the lower
the reaction temperatures used, then longer reaction times are needed to reach a pure
pyrochlore phase. For short reaction times, a temperature of at least 300˚C is needed to
form an ordered pyrochlores structure of the GYZ composition.
A similar analysis was performed with the samarium doped gadolinium zirconate
(Gd1.2Sm0.8Zr2O7) were the solution was placed in the autoclave at 260˚C for 1 hr, 5hr, and
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10hrs. XRD and TEM were performed on the washed, with ethanol, and dried (60˚C
overnight) solutions from the autoclave. XRD analysis confirms a single phase fluorite
phase at 1 and 5 hour dwell times and a pyrochlore phase at 10 hours which was also seen
with the yttrium substituted material.

Figure 41: XRD analysis for Sm doped gadolinium zirconate at 260˚C with various dwell times. As the
dwell time is increased to 10 hours a pure pyrochlores phase is formed.

Table shows the particle size calculation from the Scherrer equation and the corresponding
TEM images from the powder samples in Table 4.

50

Table 4: Gd1.2Sm0.8Zr2O7 produced hydrothermally at 260˚C. Particle size is increased from 9 nm to 11
nm when the dwell time is increased to 10 hours.

Scherrer
Calculation

1 Hour

5 Hours

10Hours

8.64 nm

9.27 nm

10.86 nm

TEM

The particle size from 1 hour to 10 hours increased from 8 nm to 10 nm. Longer hold times
or higher pressures may be needed to increase the particles size to 20 nm or larger to
increase the stability of the nanoparticles at high temperature. Because the Scherrer
calculations are consistent with the TEM images, this technique will continually be used to
determine the effect of the hydrothermal parameters on the particle size.
Knowing that the A-site substitution has an effect on the conduction of these zirconate
materials, a short study was conducted on the amount of dopant that could be successfully
substituted via the hydrothermal route. Solid solutions of Gd2-7LnyZr2O7 with Ln = Sm3+
where co-precipitated and processed in the autoclave at 260˚C for one hour. A shift of the
(311) peak in Figure 42 indicates the expected enlargement of the lattice parameters when
Gd is replaced by a larger cation (103). The d-spacing of the (111) peak increased from
3.03764 Å to 3.03836 Å to 3.0391 Å when the Sm dopant is increased from 0, 0.4, to 0.8,
respectively.
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Figure 42: XRD patterns of Sm doped gadolinium zirconate via hydrothermal run at 260˚C held for one
hour. Peak shift suggests enlargement of lattice structure indicating the formation of a solids solution
between the dopant and zirconate.

3.3.3 Gadolinium Tin Solid Solutions
3.3.3.1 Pure Gd2Sn2O7

The second material system being synthesized is a series of gadolinium tin based
pyrochlores. Co-precipitation of the reagents was performed by dissolving 11.15 g of
gadolinium carbonate into 85 g of 1 molar nitric and 80 g of DI water. Tin dichloride (3.8 g)
was dissolved in 80 g of DI water with 1 gram of 1 molar nitric. These two solutions were
mixed under magnetic stirring and the pH was altered using TMAOH. Three separate pH
solutions were tested for the optimal conditions for a pure pyrochlores phase. The
autoclave was filled with 140 g of solution and processed at 260˚C for one hour to determine
the optimal conditions. Figure 43 shows the phase transition for Gd2Sn2O7 going from pH=6
to 12.
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Figure 43: Formation of Gd2Sn2O7 via hydrothermal method. Multiple phases are seen at a pH of 11 but
as the pH is decreased a single phase pyrochlores structure forms.

The pH of the solution plays a vital role in the formation of a pure pyrochlore phase of these
stannate materials as noted by Zhang et al. (104). Solutions that are more basic (pH>10)
form a mixed phase of Gd2Sn2O7 and Gd(OH)3. A pH between 6 and 10 gives an
amorphous solution with no clear phase, while reducing the pH to around 6 results in a
single phase of the pyrochlore structure. Zeng et al. related the dependence of phase to the
amount of mineralizer via the following reactions for lanthanum stannate.
(15)
(16)
(17)
(
(

)

)

(18)
(19)

In the presence of a mineralizer (pH=1), NaOH for the above reaction, the hydrolysis effect
of the Sn4+ ions is represented by equation 15. When the low pH solution of the lanthanum
nitrate and tin chloride is processed in an autoclave, the secondary phases of SnO2
precipitate out as indicated by equation 17. Small amounts of OH- left in the solution are
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counteracted by H+ ions via equation 16. When the pH of the solution is adjusted above 10
(1 M NaOH) the H+ ions form from strong hydrolysis effect of Sn4+ ions were counteracted by
OH- which breaks the equilibrium of equation 15 and results in the precipitation of La(OH)3
via equation 18. When the appropriate pH is reached, the single phase La2Sn2O7
precipitates, as represented by equation 19. Since the chemical state and solubility of La
and Gd are very similar, then it is assumed that the reaction path within the various pH
regimes for Gd2Sn2O7 was similar. The results from this limited study confirmed this
hypothesis.
3.3.3.2. Tin-Zirconate Solid Solutions

A solution of gadolinium zirconate with both A- and B-site dopants was prepared with Sm
and Sn respectively. 3.04 g of samarium carbonate hydrate and 1.46 g of tin dichloride in
an aqueous solution were added to the gadolinium and zirconium solution, as discussed in
the previous sections. The pH was again adjusted with TMAOH, similar to that
demonstrated for the pure gadolinium stannate, in order to relate the pH, final structure, and
amount of tin dopant for a pyrochlore material. The pH of the solution was changed from
just below neutral (6) to basic (12) to measure the effects on phase formation. The XRD
results of the powder produced for three pH values can be seen in Figure 44.

Figure 44: Phase transformation due to change in pH for Gd1.6Sm0.4Zr1.9Sn0.1O7. For a single phase
pyrochlores formation a pH of 11 is needed.
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The pH of the solution had an opposite effect compared to the Gd 2Sn2O7 solutions. Lower
pHs created a mixed phase of Gd1.6Sm0.4Zr1.9Sn0.1O7 and SnO (JCPDS No. 72-1012), while
a very basic pH of 11 created a single fluorite phase of the doped zirconate.
3.3.4 Gadolinium Titanate

The last material that was synthesized was Gd2Ti2O7. A pH of 6 was chosen as a starting
point since Sn and Ti have similar solubility. When the solution was held for 5 hours at
260˚C the TiOCl does not fully form a solid solution with the gadolinium. When the dwell
time was doubled in the autoclave, the powder is still fairly amorphous until sintered to
1200˚C into Gd2Ti2O7 as seen in Error! Reference source not found.Figure 45.

Figure 45: XRD scan of hydrothermally produced Gd2Ti2O7, dried and sintered to 1200˚C

3.4 Conclusions
Several different SnO2 and gadolinium compounds were synthesized via hydrothermal
method. Different mineralizers were used to control the morphology of SnO 2 nanoparticles.
When NaOH was used, spherical particles were formed but when it was replaced by
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TMAOH, the spherical particles agglomerated into needle like structures. When sintered
these particles retained their multi-faceted morphology making them more desired for
sensors. The effect of hydrothermal temperature and dwell times were tested for several
zirconate materials. It was found that increasing the hydrothermal temperature from 240˚C
to 300˚C with a dwell time of one hour induced a pure pyrochlores phase. It was also found
that increasing the dwell time from 1 hour to 5 or 10 hours depending on the hydrothermal
temperature produced the same results. For forming stannate materials, a pH of 6 was
required for a pure pyrochlore phase while a pH of 11 was required for partially Sm-doped
GZO.
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Chapter 4: Macro Sensor Testing of Doped-Pyrochlores in High-Temperature
Environments
4.1 Introduction
For high temperature applications traditional metal oxide semiconductor (MOS) materials
such as SnO2 are unsuitable. Thin and thick film MOS materials typically coarsen and sinter
at temperatures > 600˚C resulting in significant microstructural alteration to these films.
These microstructural changes can lead to delamination of the films from the supporting
substrate and reduce the overall active surface area of the film. The reduced surface area
of the film leads to lower sensitivity and response time. In addition, MOS compositions such
as NiO, CuO, SnO2, WO3, and V2O5 can reduce readily at these elevated temperatures
within highly reducing environments leading to various defective states, and these oxides
can also reduce to their base metal elements. For example, SnO2 conducts mainly through
adsorbed oxygen on the surface of the sensor, but when heated to temperatures above 700˚
K the bridging oxygen are removed and eventually in-plane oxygen begin to be removed
increasing the defect density of the material. When this happens, the stable Sn4+ ions
reduce to an unstable Sn2+ ion on the sensor’s surface (105).
Another issue is the effect of atmosphere on the sensing materials at high temperature for
the potential sensor applications. For example, the operating temperature of a slagging
gasifier is between 500 to 1300˚C with an outlet temperature of 1500˚C and an atmosphere
consisting of 39.2% H2, 40.3% CO, 0.11% CH4, 17.3% CO2, 0.87% H2S, 0.41% H2O, and
0.78% O2 (63). The high amounts of H2 and CO would render most resistive-type metal
oxide sensors useless. In addition, the gasifier has very little oxygen in the atmosphere for
most MOS sensors to function. For example, Hubner studied the effect of oxygen partial
pressure on the CO and H2 sensing of SnO2 thick film sensors (106). He found that with
little to no oxygen in the atmosphere, as seen in a gasifier, a saturation effect in the sensor’s
signal was seen around 50 ppm of hydrogen. This means that the sensor cannot distinguish
between 50 ppm or 5000 ppm of hydrogen in the gas stream at 300˚C. Because of this, the
proposed research is moving away from traditional materials like SnO 2 and venturing into
refractory perovskite and pyrochlore structures, or materials that have microstructural and
electronic/ionic stability at elevated temperatures (>600˚C).
The most promising high-temperature chemiresistive sensors available today are based on
MOS compositions such as Ga2O3 and SiC, but are still limited to temperatures under 800˚C
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due to microstructural instability (66) (107). This is especially true for carbide sensors with
oxygen containing atmospheres. In the case of Ga2O3, Hoefer showed respectable stability
during CH4 sensing, and that the stability was better than SnO2 and had less humidity cross
sensitivity at 750˚C (8). Fleischer et al. showed that changing the operation temperature of
a thin film Ga2O3 sensor modified the gas sensitivity. The sensor was more sensitive to H 2
at 750˚C but to CH4 at 1000˚C (66) meaning that one material can be used for several
different gases by varying the atmospheric conditions and could therefore cause crosssensitivity issues. SiC has been demonstrated by Tobias et al. who formed platinuminsulator-silicon carbide Schottky diodes that are able to operate at 700-800˚C as a field
effect sensor for hydrogen and hydrocarbons (67) (68). Even though this material shows
potential for harsh environmental sensors, the fabrication of these sensors is quite complex
and expensive. Another drawback to this material is that in the presence of H 2O or O2 at
high temperature, SiC oxidizes to SiO 2 which reduces its electrical properties. In order to
operate at higher temperatures a highly refractory oxygen-ion conductive material will be
investigated as a stable sensing material for hydrogen sensing.
Many of the most refractory oxides are used in a potentiostatic sensor design, where these
oxides are the electrolytes such as SrCeO3, BaCeO3, SrZrO3, and CaZrO3. There are only a
few instances where these electrolytes were used in a chemiresistive sensor architecture.
SrCe0.95Yb0.05O3 was tested in a conductometric design and researchers were able to sense
hydrogen at 1000˚C (70). Even though there is good sensitivity with this material, the
response and recovery time is very slow (exceeding 10 min at <10% H 2). This slow
response time is seen in most perovskite-type solid electrolytes most likely caused by the
low rates for ion diffusion (70). In addition, perovskite cerates are known to be chemically
reactive to carbon monoxide to form carbonates at high temperature.
There are a few main strategies for using zirconate materials for high temperature sensors.
Because these materials are refractory or microstructurally stable at high temperatures, they
can be used to stabilize existing metal oxide semiconducting materials (SnO 2, CeO2, etc)
that are commonly used for hydrogen sensing. As previously discussed in Chapter 2, there
are two main strategies that will be targeted in this work to incorporate the defined refractory
zirconate, titanate, and/or stannate pyrochlore into a stable H 2 chemiresistive sensor. These
strategies are: 1) dispersed pyrochlore oxide would pin the grain boundaries of the MOS
material (Figure 24 in Chapter 2) stabilizing them at high temperatures, 2) utilize various
doped Gd-based pyrochlores as the MOS or metal-oxide mixed ionic-electronic conductor
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(MIEC) as the active material within the chemi-resistive sensor architecture. Gadolinium
zirconate is known to be a great ionic conductor and can be enhanced to form other solid
state solutions. Tin dioxide is the most widely used material for hydrogen sensing (108),
and tin is known to improve the ionic conductivity of GZO (as discussed in Section 2.3.3.1).
The combination of these compositional systems will be a large focus of this study for use in
a chemiresistive-type sensor.
Composites of conventional hydrogen sensing materials (SnO 2) and GZO will be tested for
the viability of using a zirconate material as a stabilizer for MOS materials at high
temperatures. The effect of the composite SnO2-GZO system to the sensing performance
and stability at temperatures > 600˚C will also be investigated. Solid state reaction has
been identified by various researchers for the formation of solid-solution of these materials,
where Sn sits on the B-site of the pyrochlore. The composite materials will be characterized
by XRD, SEM, TPR, and impedance spectrometry methods to better understand the
chemistry and structure of these materials at high temperature. In addition, a direct solid
solution of Sn within GZO will also be investigated to better understand the effect of B-site
doping on the performance of the sensor.
Tuller et al. has shown that GZO and Sn-doped GZO are primarily ionic conductors below a
specific partial pressure of oxygen as shown in Chapter 2. Therefore, it is proposed that the
GZO compositions will maintain the same conduction mechanism when tested in an inert to
simulated air atmospheres. Substituted GZO will be tested for its ability to sense hydrogen
using yttrium (Y), samarium(Sm), and tin (Sn). Since the cation radius ratio is an important
factor in the conductivity of the material, Sm (r=1.079 Å) and Y (r=1.019 Å) were chosen to
substitute Gd (r=1.053Å) to both increase and decrease the ratio, respectively. Tin was
chosen to substitute Zr as a comparison to the composite solid solutions, which drives the
pyrochlore in the ionic conduction region when GZO is slightly doped with Sn.
In order to investigate the pyrochlore system beyond purely ionic contributions, mixed
semiconductor compositions were targeted. The goal is to demonstrate a system similar to
that of a typical n-type MOS composition such as NiO or SnO 2. Typically a MEIC material
exhibits an n-type behavior at low oxygen partial pressures, followed by ionic region and, a
p-type conduction at high oxygen partial pressures. Gd 2Sn2O7 lacks the n-type behavior at
low oxygen partial pressures due to the reduction of Sn in reducing atmospheres at high
temperatures. This limits the sensing capabilities to higher oxygen partial pressures with a
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significant contribution of ionic conduction. Therefore, Gd2Ti2O7 (GTO) and Nb-doped GTO
demonstrate a purely n-type semiconductor behavior at the oxygen partial pressures tested
in this work, 10% oxygen down to inert atmospheres.
4.2 Experimental
In order to test the effectiveness of each of the pyrochlore nanomaterial compositions and
composite systems without needing to develop a micro-patterning process, a macro-scale
sensor architecture was used. The electrodes were screenprinted using a platinum ink and
fired at 1200˚C for 1 hour to give the electrodes stability during testing. The Pt ink was made
from precipitated amorphous Pt powder from Technic Engineered Powders with particle
sizes around 1 µm. The electrodes below have a total length of 10 mm with teeth width and
teeth spacing of 0.25 mm as seen in Figure 46.

Figure 46: Screenprinted macro sensor design for initial testing with a sensing area 8 mm long and 3
mm wide. Electrode teeth have a total length of 10 mm with width and spacing of 0.25 mm.

Alumina substrates were made with pre-drilled holes located on the electrode pad to allow
for the sensor leads to be threaded through for better attachment to the pad. These
substrates were fabricated using standard tape-casting methods. The resultant tapes were
cut and sintered to 1450˚C for 2 hours. Dried hydrothermal powders of the sensing
materials were mixed with a terpineol/ethyl cellulose based ink vehicle, J2M, (63/2, Johnson
Matthey, UK) with a solids loading of ~60 vol%. Each of the material systems were painted
on the electrodes with a total film thickness of 100 µm. In order to promote adhesion and
reduce cracking of the film, the sensors were placed on a hotplate at 65˚C to dry and then
fired in the furnace at a heating rate of 1.5˚/min to 600˚C, 5˚/min to 1200˚C and held for 1
hour. Each zirconate sensor was tested at 600˚C, 800˚C, and 1000˚C. Figure 47
represents the total heat cycle the sensor experiences during the test. The sensor was held
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at each of these temperatures for 6 hours; therefore, by the conclusion of the test, the
sensor was held at the elevated temperature for over 20 hours.

Figure 47: Thermal cycle for sensor testing with dwell times at 600˚C, 800˚C and 1000˚C for over 6 hours.

During each of temperature plateaus, the following flow-rate cycle was used to test for
sensitivity, response time, recovery, and repeatability.

Figure 48: Flowrate of H2 for macro sensor test consisting of pulses of 500, 2000, and 4000 ppm of H2.
The test allows for comparison of sensitivity, repeatability, and response time.

The pyramid in Figure 48 increased the ppm level of H2 from 500, 2000, to 4000 ppm and
decreases back down to 500 ppm. Each of these ppm levels are held for 10 min and then
the pyramid is repeated with a hold time of 1 min. A final pulse of 4000 ppm for 30 sec, 15
sec, and 5 seconds was used to test further for response and recovery time. Each gas used
was research grade purity from Valley National Gases (Fairmont, WV) and passed through 6
micron filter before being introduced to the mass flow controllers. A 0.5% H 2/N2 mixture was
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used as the sensing gas and was balanced with a pure N2 and O2 for a given atmosphere
and hydrogen content.
Sierra Smart Trak 2 mass flow controllers connected to a National Instrument DAQ board
controlled by Labview was used to control the gas flow to the tube furnace. The complete
Labview program can be seen in Appendix B. Each mass flow controller was calibrated to
the gas mixtures purchased from Valley National Gases with flow rates from 0-50 sccm with
an accuracy of ±0.5% of full range. Stainless steel tubing with Swagelock fittings was used
to connect the gas tanks to the test stand. A picture of the completed stand can be seen in
Figure 49.

Figure 49: Experimental test setup for hydrogen sensing. Smart track mass flow controllers and the
data acquisition were controlled by a LabView program. Sensor was located in middle of the tube
furnace attached to Pt wires where the DMM was attached.

A Keithly 2100 DMM was used to measure the resistance of the sensor during the entire
test.
The following material systems were tested for high temperature H2 sensing. Details of their
synthesis were described in Chapter 3.
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Table 5: Material systems tested for H2 sensing. Baseline materials consist of various morphologies of
SnO2 while the more advanced materials included zirconate, stannate, and titanate pyrochlores
structures.

Baseline Materials
SnO2 (Alfa Aesar)
SnO2 (nanospheres)
SnO2(nanosheets)
SnO2(WVU
Nanoagglomerates)

Pyrochlores

Composite Systems
10% SnO2 (WVU nano)/90%

Gd1.8Y0.1Zr2O7

Gd1.8Y0.1Zr2O7

Gd1.6Sm0.4Zr2O7

50% SnO2 (WVU nano)/50%
Gd1.8Y0.1Zr2O7
90% SnO2 (WVU nano)/10%

Gd2Sn2O7

Gd1.8Y0.1Zr2O7

Gd1.6Sm0.4Zr1Sn1O7

4.3 Results and Discussion
4.3.1 Baseline SnO2 Testing
Initial hydrogen testing was performed on the common sensing material SnO 2. SnO2 ink
was painted on Pt electrodes and heated at 3˚/min to 1000˚C and held for one hour to
stabilize the microstructure of the sensor. In this test, the sensors were heated and held at
400˚C, 600˚C, and 800˚C for 5 hours at each temperature in an oxygen free atmosphere.
When the temperature was stabilized, 0.5% H2/99.5% N2 (5000 ppm H2) was pulsed through
the test chamber for 15, 5, and 1 min twice at each time interval with 40 min of pure nitrogen
in between each pulse to test for response time and repeatability. Test results for an
undoped macro SnO2 (Alfa Aesar) hydrogen sensor can be seen in Figure 50 for the three
temperatures.
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Figure 50: SnO2 undoped hydrogen sensor at 400˚C, 600˚C, and 800˚C (0.5% H2) in an inert atmosphere.
Sensor was highly sensitive up to 800˚C where the sensor signal began to deteriorate due to
microstructural changes.

At 400˚C, when the hydrogen is introduced in the chamber the sensor reaches the same
resistance even with a 1 min pulse. However, the sensor is not able to fully recover once
the hydrogen is shut off. This same response was seen by Hubner at 350˚C where a quick
response to hydrogen is seen but the sensor was not able to fully recover even with a 3 hour
exposure to pure nitrogen (106). At 600˚C the sensor is much more stable and responds to
the same resistance with each pulse, as well as, the sensor recovers to the same resistance
within the 40 min of pure nitrogen. When the sensor reaches 800˚C the sensor begins to
lose it functionality most likely due to the reduction of SnO 2 to Sn on the surface. At this
point, the sensor has been at elevated temperatures for over 15 hours. Once the hydrogen
is introduced, the sensor resistance spikes and then returns within range of the DMM once it
is turned off. It is well known that Sn begins to reduce around 800˚C in inert atmospheres
which is the likely cause for the breakdown of the sensor (105). In oxygen atmospheres,
SnO2 conducts through adsorbed oxygen on the surface of the sensor, but in the absence of
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oxygen the conduction mechanism changes. The conduction of the material is controlled by
surface donors and can be represented by the following equations,
(20)

which can be broken down into two separate reactions, the formation of the donor,
(

)

(21)

and the ionization of the donor level by capture of an electron for the conduction band (106),
(

)

(

)

(22)

According to Equation (20), as the concentration of electrons in the conduction band
increases, the sensor decreases in resistance which is consistent with the experimental
results. Experimental results for SnO2 for gas sensing is not available for temperatures
above 600˚C.
SEM images of the sensors were taken after testing to investigate any microstructural
changes such as coarsening or cracking that may disrupt the sensor response.

Figure 51: SEM images of SnO2 sensor before and after testing. After testing in inert atmosphere at
temperatures above 700˚C, Sn whiskers can be seen from the SnO2 reducing fully to its base metal.

65

The complete reduction of the tin oxide to the metallic form of tin is seen in the figure above.
Tin nanowires are forming in reducing atmosphere at elevated temperatures which would
quickly degrade the sensor’s ability to function. When the Sn reduces, electrons are
released into the conduction band dropping the resistance of the whole system, essentially,
shorting the system creating these spikes or overloaded signals in Figure 50.
Promoting the sensing material with precious metals such as Pt or Pd is known to enhance
a sensor’s response and recovery to hydrogen (105). These metals both act as a catalyst
and aid in the dissociation of the H2 molecules, and provide an additional path for the H2
between the surface and the interface (50). A Pt solution was made by dissolving platinum
pentanedionate (Pt 49.430%, Alfa Aesar) with xylene and dropped onto the surface of the
SnO2 hydrogen sensor and heated to 600˚C to remove any organics in the solution. The
sensor was promoted until it reached 2 wt% Pt. The same pulsing test was repeated for the
enhanced sensor and can be seen below in Figure 52.

Figure 52: Pt enhanced SnO2 sensor at 400˚C, 600˚C, and 800˚C (0.5% hydrogen) in an inert atmosphere.
Pt allowed for quicker response times and stabilized the sensors signal at 800˚C.
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By enhancing the sensor with Pt, the sensor exhibits a much more stable response at the
two lowest temperature steps and retains its functionality at 800˚C. It is most likely the
platinum that is sustaining the conduction at 800˚C. The material is porous which allows for
the Pt solution to disperse throughout the sensor instead of only remaining on the surface
allowing the Pt to carry the reaction via spillover effect. Another point of interest for
semiconducting metal oxide sensors is the diffusion mechanism seen during recovery of the
sensor once the reducing gas is turned off. The main bulk point defect, oxygen vacancies,
can increase or decrease the bulk conduction depending on the oxygen partial pressure.
They can also diffuse from the interior of the grains to the surface or vice versa in order to
equilibrate the oxygen in the atmosphere with the oxygen composition in the oxide (109).
This diffusion through the bulk is indicated by the curvature of the sensor response as seen
in Figure 52 when the H2 is turned off.
The macro powder from Alfa Aesar was tested again using the testing parameters
discussed in the experimental section of this chapter. Figure 53 is the response of the
macro SnO2 powder in a 20% oxygen atmosphere at 800˚C and 1000˚C.

Figure 53: Macro SnO2 powder from Alfa Aesar in 20% oxygen atmosphere. Sensor had good sensitivity
towards each concentration of H2 but signal drifted indicating microstructural changes during the test.

The macro powder exhibits good sensitivity, response, and recovery. Another interesting
observation is the lack of diffusion seen upon the sensor’s recovery when the hydrogen is
turned off. At these elevated temperatures (>800˚C), the kinetics are fast enough that
equilibrium between the oxygen in the atmosphere and the oxygen in the bulk material is
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rapidly established (110). As discussed earlier in this chapter, the sensing mechanisms for
hydrogen sensing in an inert atmosphere is different than for an oxygen atmosphere. When
oxygen is present in the atmosphere, the bonding of hydrogen to adsorbed oxygen on the
sensors surface drives the response kinetics which is represented by the following equation.

(23)
An electron is donated to the conduction band reducing the resistance of the sensor when a
reducing gas bonds to surface oxygen ions. When comparing the sensitivity of the macro
SnO2 sensor in an inert and 20% oxygen atmosphere, it is clear that the sensor has a
greater response (10x) to hydrogen in an inert atmosphere as seen in Figure 54.

Figure 54: Effect of sensitivity of SnO2 to hydrogen due to oxygen content in the atmosphere. Sensor
has greater sensitivity (up to 10x) to hydrogen in an inert atmosphere.

The higher sensitivity in inert atmosphere can be explained through the reaction
mechanisms of the SnO2. Hubner discovered that when oxygen is present, the reactions
represented by Eq. 20 and Eq. 23 are both contributing to the sensor response. However,
the ionization of donors in Eq. 21 does not increase the concentration of free charge
carriers. The ionization of donors is completely compensated by the ionization of acceptors,
and does not contribute to the sensitivity of the SnO2 making the signal response weaker
than if oxygen was absent from the atmosphere.
The main drawback to this composition is its instability at elevated temperatures. This is
clearly seen in the two graphs. At 800˚C the baseline resistance decreases steadily
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throughout the test possibly indicating the particles are necking. At 1000˚C, the baseline
resistance increases, possibly indicating further coarsening/sintering of the particles. The
drift could also be attributed to a further reduction mechanism of the Sn or an instability of
the electrodes. This change in resistance is being defined as the percent “drift” in the data
as indicated in red in Figure 53. The drift was calculated by the following equation,

[

(

)

]⁄
(24)

Where Ri is the initial baseline resistance (atmospheric conditions), R f is the final baseline
resistance, and t is the duration of the test in hours. At 1000˚C the sensor is seeing a
0.662% drift per hour. At this elevated temperature, the drift may be attributed to coarsening
and or a destruction of the SnO2 to its base metal.
In order to further determine the cause of the drift, the resistance of the bare electrodes was
measured by connecting the IDEs with a Pt line printed down the center of the electrode
teeth. The results of the tests for the screenprinted electrodes can be seen in Figure 55.
The electrodes remained stable with less than 0.05%/hr performance change at 1000˚C,
and contribute little resistance to the sensor (50 ohms at 1000˚C). Typical sensors
resistances seen at 600, 800, and 1000˚C for this research are around 3x10 6, 2x105, and
2x104 ohms. The electrodes contribute less than 0.2% at 600˚C, 0.02% at 800˚C, and
0.002% at 1000˚C. The electrodes would be the most likely cause of the drift at 600˚C,
since it is unlikely that the morphology of the particles are changing at low temperatures
after being sintered to 1200˚C; however, at 1000˚C the electrodes contribute very little to the
drift making coarsening or reduction of the material the most likely candidate for the drift.
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Figure 55: Resistance of screenprinted Pt IDE at 600, 800, and 1000˚C in 20% oxygen. The Pt sensitivity
to H2 can be seen at 600˚C. However, the electrodes contribute less than 0.2% to the total resistance at
that temperature.

4.3.2 Nano SnO2 Testing
Surface enhancement is not the only method for increasing sensitivity and
response/recovery time in gas sensors. By decreasing the particle size, we can also
increase the sensitivity and response time due to in the increase in reactive surface area;
therefore, a series of nano SnO2 was also tested. Results of the response of the WVU
agglomerated SnO2 in a 20% oxygen atmosphere can be seen in Figure 56. Although the
sensor has a strong response to the hydrogen, the sensitivity is less than the macro SnO 2 at
800˚C and equivalent to the macro powder at 1000˚C.
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Figure 56: WVU nano ordered agglomerates in 20% oxygen atmosphere. The sensor shows a strong
response to the various concentrations of H2 but see greater drift than the larger Alpha Aesar particles
due to microstructural changes during testing.

When comparing the sintered particle sizes of the two powders, the macro powder (Alfa
Aesar) had grown to an average of 60 nm while the WVU agglomerated SnO 2 had grown to
particles up to 90 nm as seen in Figure 57 which would account for the slightly smaller
sensitivity.

Figure 57: SEM micrographs displaying the microstructure of the (a) Alfa Aesar SnO 2 and (b) nano-SnO2
agglomerates on the sensor after sintered to 1200˚C for one hour. Both powders sintered to particles
sizes over 50 nm.

As with the macro powder, the sensitivity of the nano-SnO2 agglomerates were much higher
in an inert atmosphere. At each temperature, the sensitivity increase from 1000, 2000, to
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4000 ppm H2 were almost identical creating a trend in the sensor’s response as seen in
Figure 58.

Figure 58: Sensitivity of nano-agglomerated SnO2 to various hydrogen contents in inert and 20% oxygen
atmospheres. A trend in sensitivity can be seen as the temperature is increased.

4.3.3 Nano-Zirconate Testing
4.3.3.1 A-site doped zirconates in inert atmosphere

The previous section described the sensing properties of SnO2 at elevated temperatures in
various oxygen atmospheres. Although TPR data has been shown for SnO 2, there have not
been any papers on the actual sensing capabilities of the highly reduced sensor. These
experiments show that there are two main issues that limit the application of this material to
high temperatures and low pO2. The first issue is aligned with, coarsening/sintering of this
material which destroys the potential high surface area of the nanomaterial. The second
issue is the reduction of this material to SnOx and eventually to Sn metal at these high
temperatures. Therefore, the alternative Gd zirconate material was evaluated with similar
conditions to demonstrate its intrinsic response at the same conditions before incorporating
it into the SnO2 composite systems. As described in Chapter 2, the zirconates were doped
with both yttrium (Y=0.1) and samarium (Sm=0.4) on the A-site of the pyrochlore. During
these tests, the sensors were heated to 600˚C, 800˚C, and 1000˚C and 0.5% hydrogen
(5000 ppm) was pulsed for 15, 5, and 1 min with a 40 min interval of pure nitrogen in
between each pulse to allow the sensor to stabilize. Results for the yttrium doped, unpromoted sensor are shown in Figure 59.
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Figure 59: Un-promoted Y-doped zirconate testing of 0.5% hydrogen at 600˚C, 800˚C, and 1000˚C in inert
atmosphere. The zirconate material show high sensitivity to H2 and is fairly stable at 1000˚C.

As mentioned in Chapter 2, gadolinium zirconate is a purely ionic conductor; therefore, the
donation of electrons has no effect on the response of the sensor to a reducing gas. The
increase in stability and sensitivity of the sensors as the temperature increases seem to
indicate that these zirconates have a high working temperature. Unlike the SnO2 hydrogen
sensors which never fully recover at these temperatures due to slow diffusion, the
zirconates recover almost as quickly as they respond to the introduction of hydrogen. Not
only does this material have a strong p-type-like response to the hydrogen, sharp peaks at
the onset and shutoff of hydrogen can be seen at each pulse. This is most likely caused by
the stripping of the oxygen off the surface/grain boundaries from the hydrogen bonds. Once
the surface is completely stripped of oxygen the material loses its ability to conduct due to
an overwhelming number of oxygen vacancies and a sharp increase in resistance is seen.
Ionic conductivity can be represented by,

(

)
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(25)

where σi is equal to the defect carrier density, ci, multiplied by its charge, ziq, and the ion
mobility, µi (79). Although ionic conduction is usually increased with the increase of oxygen
vacancy concentration (as seen in Equation 25), there is a point where too many oxygen
vacancies reduces the conduction due to a possible disordering of the lattice structure which
obstructs oxygen mobility.
Since there is no oxygen in the atmosphere, in order to regain equilibrium between the
atmosphere and the material, oxygen migrates from the bulk to the surface and the
resistance decreases and stabilizes. An opposite reaction occurs once the hydrogen is
removed from the atmosphere and the oxygen migrates back to the bulk. Ionic conduction if
based on Frenkel defects or oxygen vacancies within the system, Equation 26, but the
equilibrium with the gas phase through reduction and/or intrinsic electron-hole generation
must be taken into account, Equations 27 and 28.

(26)
(27)
(28)
In order to better understand the zirconate’s reaction to hydrogen, TPR analysis was used to
determine the adsorption characteristics of the material. During the test at each heating
rate, no significant H2 adsorption was detected even though a very broad peak seems to be
present from 300˚C-700˚C, as seen in Figure 60.
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Figure 60: TPR analysis of pure GZO with heating rates of 1, 5, and 10 deg/min in a 10% H2/Ar flow of 50
ml/min. The zirconate shows little to no hydrogen adsorption at these temperatures.

The Sm doped zirconate also performed better at higher temperatures, becoming the most
sensitive and stable at 1000˚C. The un-promoted test results can be seen in Figure 61.
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Figure 61: Un-promoted Sm-doped zirconate testing of 0.5% hydrogen at 600˚C, 800˚C, and 1000˚C in
inert atmosphere. Much like the y-doped zirconate, the sm-doped sensor exhibits strong sensitivity to
H2 and gets increasingly more stable as the temperature increases.

When comparing the two dopants, little difference is seen in the sensitivities of the two
materials. Figure 62 shows that the Y-doped system has slightly higher sensitivity than the
Sm doped system until a temperature of 1000˚C is reached. Because of the similarities
between the systems and lesser cost of the yttrium precursor, the Y-doped zirconate was
used throughout the rest of the study for composite system testing.
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Figure 62: Sensitivity of two A-site doped gadolinium zirconate systems, yttrium and samarium at 600,
800, and 1000˚C in an inert atmosphere. Both material systems have increased sensitivity as
temperature increases.

4.3.3.2 Promoted zirconate systems

In order to improve the sensitivity of hydrogen especially at the lower temperatures, the
surface of the sensor was enhanced with Pt in the same method as described in Section
4.3.1 to promote hydrogen adsorption. By enhancing/promoting this sensor with Pt, the
sensor is able to more clearly detect hydrogen at 600˚C and exhibits less drift during the
course of the test as seen in Figure 63. The Pt can enhance sensitivity via two different
mechanism, electronic sensitization or chemical sensitization, as seen in Figure 64.
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Figure 63: Pt enhanced Y-doped zirconate testing of 0.5% hydrogen at 600˚C, 800˚C, and 1000˚C in inert
atmosphere. Pt enhancement increased sensitivity and stability of the sensor at each temperature.

The electronic sensitization reaction involves a transfer of electrons between the promoter
and the oxide, for example Pt enhanced SnO2 (43). The reducing gas, H2, is first activated
by the metal surface creating an active surface species which then reacts with the adsorbed
oxygen on the SnO2 surface. This releases electrons into the conduction band, increasing
the conduction of the material.

Figure 64: Schematic of electronic (a) and chemical (b) sensitization of a metal enhanced material (43)

With the chemical reaction the reaction takes place at the oxide or zirconate surface. The
metal promotion essentially increases the surface coverage of the gas involved in the
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sensing scheme (44). In this reaction, the hydrogen reacts with oxygen in the zirconate
lattice forming an oxygen vacancy and water vapor via the following equation,

(29)

which donates the electron back to the metal thus reserving the process to these triple
phase boundaries.

4.3.3.3 Zirconate testing in oxygen atmosphere

As noted by Tuller, gadolinium zirconate is a pure ionic conductor and meaning the
conduction does not change with oxygen partial pressure. However, when oxygen is
introduced into the atmosphere, the sensor’s behavior changes to from a p-type like
response to an n-type-like sensor as seen in Figure 65.

Figure 65: Y-doped zirconate in 20% oxygen atmosphere. Sensor shows some sensitivity towards H2 at
600˚C but has no response at 800˚C and very little response at 1000˚C most likely due to the lack of
hydrogen adsorption seen in the TPR results.
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At 600˚C the sensor has relatively good sensitivity and response time, but as the
temperature increases the sensitivity of the sensor decreases. As shown in Figure 60, a
broad reduction peak centered about 500˚C, but no TCD signal is seen at elevated
temperatures in the TPR plot which might be the cause for the decreased sensitivity to H2 at
these higher temperatures. At lower temperatures (600˚C), hydrogen bonds with the
oxygen within the surface and the bulk of the zirconate forming H2O and forming an oxygen
vacancy which increases the conductivity of the material. Unlike the inert atmosphere,
these surface vacancies can be re-filled with oxygen from the atmosphere making diffusion
from the bulk less likely. These two reactions can be seen with the following equations,

(30)
(31)

As the temperature increases, the hydrogen no longer interacts with the surface resulting in
no sensor response at intermediate temperatures (800˚C). When the temperature reaches
1000˚C, there is enough mobility in the system to allow for hydrogen bonding with oxygen in
the bulk of the material recovering a small portion of the sensor’s sensitivity due to bulk
reduction processes that increase the lattice conductivity. The big advantage to this material
system is the stability at high temperatures. The percent drift decreases from 0.031%/hour
to 0.003%/hour at 1000˚C. Figure 66 shows that the particle size remains unchanged even
after being at elevated temperatures (> 600˚C) for over 24 hours. Particle size remains on
average at 130 nm with necking of the particles and large pores throughout the structure.
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Figure 66: SEM micrographs of sintered and post-tested GZO sensor. Particle size remains unchanged
when tested at 1000˚C for 7 hours.

4.3.4 Composite Testing
Testing so far has shown two major problems for high temperature sensing with gadolinium
zirconate, 1) there is low hydrogen adsorption at high temperatures, and 2) the
nanomaterials particle junctions are instantly being disordered with a high volume of defects
regardless of the H2 content in inert or low oxygen atmospheres. Therefore, other absorption
species such as SnO2 sensor and Pt enhancement of the GZO was investigated. First, the
Pt enhancement showed higher absorption especially at 600˚C, but a saturation of the
sensor signal appeared at a much faster rate due to the increased formation of oxygen
vacancies from the catalytic activity of the Pt.
In this section, SnO2, will be used in two distinct ways to promote the sensitivity of the
sensor at high temperatures. The first method is to use the SnO 2 as a traditional MOS
chemiresistive sensor, but support it with a small percent of GZO to pin the grain growth of
the SnO2 and to provide an oxygen source when the SnO2 reduces in low oxygen
atmospheres. Yang et al. formed composite sensors consisting of SnO2 and mesoporous
silica (SBA-15) and found that the addition of the SBA-15 greatly increased the sensitivity of
the sensor at 250˚C. They found that an interaction between the SBA-15 and the SnO2
allowed for more oxygen to be adsorbed onto the surface which increased the sensing
properties of the sensor (111). As long as the SnO2 is percolated throughout the sensing
material, its electronic conduction is believed to be higher than that of the doped-GZO and
should carry the sensing mechanism. The following reactions will be under consideration
during the testing of these composites, the reaction between adsorbed oxygen and the
reducing gas,
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(32)
(33)

ionic conduction of the zirconate,
(34)
(35)

And the interaction between the zirconate and the SnO2,
(36)
(37)

A composite materials of the nano-SnO2 and the doped zirconate was made by mixing a 10,
50, 90 vol% of SnO2 hydrothermal solution with the zirconate material solution and ball
milled overnight to ensure an even mixture. A complete comparison of these systems can
be seen in Figure 67 at 1000˚C in a 20% oxygen atmosphere. N-type or n-type “like”
response is seen in each of the material systems.
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Figure 67: Comparison of composite sensor systems at 1000˚C in 20% oxygen atmosphere. Addition of
SnO2 greatly increases the sensitivity compared to pure GZO with 10% SnO2/90% GZO composite
system having the strongest sensitivity at 1000˚C.

In comparison to the pure zirconate sensor, the composite systems show an increased
sensitivity. Each of the systems also has an increased stability from the pure-nano SnO2.
Figure 68 shows the analysis of each of these systems at 600˚C, 800˚C, and 1000˚C. The
systems with the highest sensitivity are both 100% SnO 2 and the 10% SnO2/90% zirconate
composite. However when you look at the stability of the 100% SnO2 sensors, it drifts over
0.6% per hour of testing while the composite systems containing GZO decreases the drift to
0.2% per hour or lower.
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Figure 68: Sensitivity and stability of SnO2 composite systems in 20% oxygen atmosphere. Addition of
SnO2 increases the sensitivity of each material system but also increases the drift at each temperature.

It is believed that in composite systems containing at least 50% SnO 2, the SnO2 is carrying
the sensing mechanism, since there is enough material percolated through the sensor to
create SnO2 pathways and the zirconate is mainly stabilizing the grain growth in high oxygen
atmospheres. To confirm this theory, SEM micrographs were taken of each sintered
composite system to compare grain size and porosity.
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Figure 69: SEM micrographs of SnO2/GZO composite sensors sintered to 1200˚C. As vol% of SnO2
increases the porosity of the material increases. The grain size of the composites also increases from
80 nm to 300 nm as the vol% increases from 0 to 90%.

In a pure zirconate system, the particles sizes are more uniform at around 80 nm when
sintered to 1200˚C. When SnO2 is incorporated into the GZO, the particle size and porosity
changes. At 10% SnO2, the particle sizes are about 60 nm and sinter similarly to GZO with
necking and evenly distributed pores. As the SnO2 is increased to 50%, the particles are
reduced to 50 nm or less and have increased porosity; however, when increased to 90% the
particles sizes are less uniform and range from 100 – 300 nm with small GZO particles
distributed throughout at around 80 nm. Even though the particles in the 90% SnO2 are the
largest of each of the systems, the particle size is greatly reduced from pure SnO 2 sensor
which sintered up to 1 µm.
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Temperature programmed reduction (TPR) was used to investigate the 10% SnO2
composite powder further. When compared with its constituents, the composite reduction
peak is over 100˚C higher than pure SnO2 and follows the pure zirconate profile closely at
lower temperatures. The hydrogen adsorption 10% of the hydrogen adsorption of the pure
SnO2 meaning that the gadolinium zirconate is not contributing to the sensitivity of the
sensing material, but is increasing the stability of the tin allowing for hydrogen sensing at
temperatures above 600˚C without the material breaking down.

Figure 70: TPR profiles of GZO, SnO2, and 10% SnO2/90% GZO at 5 deg/min. Pure GZO shows no H2
adsorption, but by incorporating 10 vol% SnO2, H2 adsorption is seen along with an increased
reduction temperature (937˚C) of the system when compared to pure SnO2 (785˚C).

It is possible that the GZO is donating oxygen to the SnO2, stabilizing it at temperatures
where it would normally reduce to SnO and eventually to Sn metal.
The composite system containing 10% SnO2 was tested at 1000˚C at various oxygen
concentrations in order to try to understand the improved sensitivity and mechanisms behind
its response. It is believed that 10 vol% of SnO2 is not enough to form percolation paths of
the semiconducting material, so the conduction is being controlled by the
interaction/interface between the SnO2 and the zirconate and is most likely purely ionic.
Figure 71 reveals that by changing the oxygen partial pressure, the mechanisms for sensing
also changes.
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Figure 71: 10% WVU nano agglomerates and 90% y-doped zirconate at 1000˚C in different oxygen
atmospheres. Material exhibits n and p-type like responses depending on the oxygen partial pressure.

Remembering that GZO is a purely ionic conductor at all oxygen partial pressures, it is most
likely that each of these responses is ionic in nature even though the response resembles
an n-type or p-type semiconductor response. It is clear that the addition of SnO 2 increases
H2 adsorption, as seen in the TPR results, onto the surface increasing the sensors
sensitivity compared to the pure zirconate material. In a 20% oxygen atmosphere the
reaction occurs at the grain boundary junction for an ionic conductor. As the hydrogen
bonds with the oxygen along that junction, the conduction increases creating an n-type-like
response. As the oxygen partial pressure decreases, the number of oxygen vacancies
increases. As the oxygen vacancies increase to a certain point, the addition of hydrogen in
the atmosphere decreases the ionic conduction across the contact junctions decreasing
conductivity and increasing the resistance. There is a saturation point with oxygen
vacancies where conduction is actually hindered instead of increasing the oxygen
conduction possibly, because of a skewing or distorting of the lattice structure due to too
many vacant sites. At lower levels of oxygen partial pressure, the diffusion of oxygen from
the bulk can be seen. Once the oxygen at the surface is cleared from the initial onset of
hydrogen, there is an oxygen gradient throughout the bulk and the oxygen diffuses to the
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top to maintain equilibrium. At 10% oxygen atmosphere, the diffusion is not seen which is
most likely due to there being enough oxygen in the atmosphere to maintain the equilibrium
of the system without the assistance from the bulk. This test also infers that at higher
oxygen concentrations the mechanism for sensing is controlled by the grain boundaries
whereas at lower oxygen concentrations the bulk is driving the reaction.
There are a number of reactions that can occur at the junction between the atmosphere, the
SnO2, and the zirconate, much like a triple phase boundary in a solid oxide fuel cell. Three
different mechanism will be discussed to describe the in conduction, 1) Adsorption on the
surface of the Sn (Equations 38 & 39), 2)charge transfer on the surface (Equations 40 & 41),
and or charge transfer through the bulk (Equation 42), 3) reaction with zirconate surface
(Equation 43-45), 4) conduction through the bulk (Equation 46) (112).

(38)
(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)

During the adsorption process, either hydrogen or water is adsorbed onto a free surface site
of the Sn making it available to bond with oxygen or hydroxides on the surface of the
zirconate and forming a hydroxide or releasing water into the atmosphere, respectively.
Another reaction that can be occurring is the reaction of the hydrogen in the atmosphere
with bulk oxygen in the zirconate, forming a vacancy in the bulk. This vacancy is filled by
charged oxygen ions along the surface of the zirconate (equation 46), creating a cycle which
drives the conduction of the material. When the oxygen partial pressure is reduced, it has
been reported that hydrogen covalently bonds with two oxygen atoms on the lattice surface
to form two hydroxyl protons and two electrons. Knowing that when oxygen is reduced in
the atmosphere, equations 41 and 44 a more likely reaction in these conditions. When the
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oxygen is reduced to the point that SnO2 is no longer stable, and oxygen transfer from the
GZO, keeps the SnO2 from reducing to its base metal and forms an oxygen vacancy in the
GZO. This transient response can be seen in the composite material when the oxygen is
1% in the atmosphere. Each of these reactions can be seen in Figure 72.

Figure 72: Conduction mechanisms of composite sensors described in equations 38-46. Hydrogen is
adsorbed on the surface of the SnO2 where it reacts with surface oxygen or lattice oxygen of the
zirconate. Conduction occurs through the formation and filling of oxygen vacancies in the zirconate.

Knowing that ionic conduction is dominant in 10% SnO2 at each oxygen partial pressure,
both the 50% and 90% SnO2 was tested for its conduction mechanisms in different oxygen
atmospheres. Figure 73 shows the response of these sensors in inert and 20% oxygen
atmospheres at 600, 800, and 1000˚C. In theory, the 90% SnO2 composite sensor should
behave as a semiconducting material, but have increased stability which was seen in Figure
68. However, a 50% composite could exhibit behavior from either or both systems.

89

Figure 73: Response of 50 and 90% SnO2 composite sensors in inert and 20% oxygen atmospheres at
600, 800, and 1000˚C. The 90% SnO2 composite sensor behaves similarly to a pure SnO2 sensor but
has increased stability at elevated temperatures. The 50% composite sensor behaves similarly to that
of the 10% composite sensor at low temperatures but has a mixed conduction behavior at 1000˚C.

As predicted, the 90% composite sensor behaves similarly to a SnO2 sensor but maintains
its stability at elevated temperatures in an inert atmosphere due to the oxygen transfer from
the GZO. The 50% SnO2 sensor at lower temperatures in an inert atmosphere exhibits the
same characterizes of the ionic 10% SnO2 sensor which leads to the belief that the ionic
conduction via hydrogen spillover, or reactive electrolyte mechanism are stronger than the
adsorption/desorption kinetics of the SnO2. At 1000˚C, a mixed conduction behavior is
seen, where at lower hydrogen contents, ionic conduction is seen but when 2000 ppm of
hydrogen is introduced for an extended period of time, the reduction of the SnO2 cannot be
compensated by the bulk oxygen transfer from the GZO and a n-type semiconductor
response is seen.
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4.3.5 Tin Doped Compounds
Various Gd2B2O7, where the B-site is various ratios of Zr an Sn, have been investigated by
Tuller et al. for their disordered structures and mixed conductivity (79) (113). He found that
a complete substitution of Sn on the B-site produced a purely ionic material, but as Zr was
increased on the B-site a mixed conductor was formed as seen in Figure 22 in Chapter 2.
Two different pyrochlore materials were synthesized and tested in a 20% oxygen
atmosphere. First, the B site of GZO was completely replaced by Sn, then 10% of the B site
was doped by Sn as a comparison to the SnO2/GZO composite systems. Comparisons of
these two systems along with GZO, SnO2, and the 10% SnO2 composite systems are shown
in Figure 74.

Figure 74: Comparison of GZO and stannate pyrochlores for sensitivity to 4000 ppm of H2 and their drift
in 20% oxygen atmosphere. Stability and sensitivity of the zirconate sensor is enhanced by
incorporating Sn into the lattice structure.

When the B-site of the zirconate is doped by 10% with Sn, the sensitivity of the sensor is
almost equivalent to the 10% SnO2 at 600 and 800˚C. When comparing the stability of the
slightly doped GZO system, the material is more stable than the composite materials having
less than 0.08% drift per hour at 1000˚C whereas all other compositions excluding pure
GZO all had drifts over 0.4% per hour. By completely replacing the B-site with Sn, the
sensitivity has a 50% decrease compared to the 10% SnO2 composite system and has
greater drift than most other sensing materials. Tuller reported that substitution of Sn on the
B-site for Zr in the Gd2Zr2O7 composition resulted in a decrease in the ionic conductivity of
the pyrochlores solid-solution (81). Figure 75 shows the ionic conductivity of Gd2(Zr191

xSn x)2O7

solid-solutions measured by Tuller et al. The graph shows that the ionic

conductivity is highest for pure Gd2Zr2O7 with a value of 10-1.75 S/cm (81). Their data shows
a minimum conductivity at x=0.8 (x=Sn), and then a slight increase in conductivity to 10-4.25
S/cm for the pure Gd2Sn2O7 composition. Tuller et al. stated that the strong covalent Sn-O
bond is believed to be the source of the reduced oxygen ion mobility, and thus, the lower
ionic conductivity with the increase of Sn.

Figure 75: Ionic conductivity versus Sn dopant on the B site of GZO at 1000˚C. Ionic conductivity
decreases with the increase of Sn on the b-site of the pyrochlores.

Much like the Sn/GZO composites sensors, it is important to understand the effect of the
sensor’s response in different oxygen environments. When looking at the response of the
Gd1.6Sm0.4Zr1.8Sn0.2O7 pyrochlore under varying oxygen environments, diffusion from the
bulk can be seen at 20%, 10%, and 1% oxygen levels.
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Figure 76: Ionic response of Gd1.6Sm0.4Zr1.8Sn0.2O7 at 1000˚C at 0, 1, 10, and 20% oxygen atmospheres.
Material exhibits similar mechanisms at each oxygen atmosphere with oxygen diffusion curves seen at
the response and recovery of H2.

The conduction mechanism is consistent with each oxygen environment. A p-type like
response is seen at each oxygen partial pressure. Since this composition is still a complete
ionic conductor, the same mechanisms drive the reaction as the pure gadolinium zirconate
material (GZO). Frenkel defects are the pathways for oxygen conduction, equation 47, and
the bulk oxygen tries to reach equilibrium with the oxygen in the atmosphere through
equation 48.
(47)
(48)

The main difference between the two materials is that the the Sn-doped systems have
hydrogen adsorption at high temperatures, where very little to no adsorption was seen in the
pure GZO sensors. By incorporating the Sn into the pyrochlore structure, the completely
93

ionic material maintains its p-type like response, unlike the SnO2/GZO composite systems
where the conduction mechanisms was dependent on temperature and oxygen partial
pressure.
Diffusion curves on the introduction and exiting of hydrogen gas can be seen similar to
response curves seen in CuO gas sensors. The curvature is consistent with each reaction
and follows an exponential curve in the various partial pressures indicating that the diffusion
coefficient is consistent in this range of oxygen partial pressures. Yu and Tuller investigated
the conduction of tin doped gadolinium zirconate at temperatures ranging from 750-1050˚C
and a range of oxygen partial pressures. As the percentage of tin is increased, the ionic
conduction decreases. At a certain point, p-type and n-type conduction at high and low Po2
respectively begin to appear as seen in Figure 77 (114).

Figure 77: The log conductivity as a function of log oxygen partial pressure for Gd2(Zr1-xSnx)2O7 with (a)
x=2, and (b) x=0.8. Pure ionic conduction is seen for a zirconate only slightly doped with Sn but as Sn
is increased mixed conduction is present (81).

When comparing the sensor tests from Gd2Sn2O7 with the conduction measurements from
Tuller’s work, the lower temperatures are consistent with the ionic conductivity results seen
in Figure 77 the Gd1.6Sm0.4Zr1.8Sn0.2O7 is also consistent with the ionic region found by
Tuller. In inert atmospheres the sensor’s response becomes unstable, as seen in Figure 78.
Tuller noted that the n-type region usually seen with mixed ionic conductors at low oxygen
partial pressures was not seen with GSO (81). He contributed this to a decomposition of the
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phase which was also seen with the pure GZO sensors. The decreased sensitivity, 40%
decrease for 4000 ppm H2 at 1000˚C, is due to both the reduction of ionic conductivity and
the increase in activation energy when compared to Gd 1.6Sm0.4Zr1.8Sn0.2O7.

Figure 78: Complete Gd2Sn2O7 tests in (a) 20% oxygen, (b) 10% oxygen, (c) 0% oxygen. Material showed
increase in drift and decrease in sensitivity as compared to a zirconate doped by 2% Sn on the b-site.

4.3.6 Gadolinium Titanate
In order to investigate the performance of a mixed semiconducting material, Gd 2Ti2O7 was
tested in a 20% oxygen atmosphere. As seen in Figure 79, the sensor had low sensitivity as
compared to the Sn based materials for each temperature. In a 10% oxygen atmosphere
the titanate material was 60% less sensitive to H2 at 1000˚C than the Gd1.6Sm0.4Zr1.8Sn0.2O7
material. The titanate sensor also was not conductive at 600˚C in inert and 10% oxygen
atmosphere, leading to the belief that higher operation temperatures may be needed for this
sensor to be effective. More testing would be needed to fully access this material’s
capability as a high temperature hydrogen sensor.
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Figure 79: Gd2Ti2O7 at 600, 800, and 1000˚C in a 20% oxygen atmosphere.

4.3.7 AC Impedance Testing
AC impedance is widely used in fuel cell and sensor research to give insight into the
different contributions to the overall conduction of the device (115) (116). For sensors, the
impedance curves help distinguish the electrode, surface, grain boundary and bulk effects.
AC impedance measurements were carried out with a SOLARTRON SI 1260 impedance
and grain/phase analyzer with a frequency sweep ranging from 1 Hz to 10 MHz with a signal
amplitude of 500 mV. Each sensor was tested at 600, 800, and 1000°C in 0, 10, and 20%
oxygen atmospheres. The effect of oxygen partial pressure and exposure to 4000 ppm of
hydrogen was measured and equivalent circuit models were used to fit the impedance
spectra using Zview® software.
Each component of the total conduction generates a complex impedance spectrum
corresponding to its own dielectric relaxation process. These processes can be modeled by
a parallel resistor-capacitor (RC) network each with a different time constant (τ o=RC). A
single RC circuit as presented in Figure 80, the impedance is given by:
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(49)
⁄

(

)

Where Z=overall impedance
R= resistance of resistive element
j= square root of -1
f = frequency
C = capacitance of capacitive element
The complex impedance (Eq 49) of the sensor can be broken down into its real (Z’) and
imaginary (Z”) parts:

Z*=Z’-Z”

(50)

With
⁄
( ⁄ )

(51)
(

)

And
(52)
( ⁄ )

(

)

When Z” versus Z’ is plotted on a linear scale, the data forms a semicircle as seen in Figure
80.
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Figure 80: Single curve complex impedance plot and representative equivalent RC circuit.

If the relaxation frequencies of each conduction contribution are far apart, a series of semicircles will appear for the bulk, grain boundary, and electrode component as seen in Figure
81. The actual test data for these impedance curves are very rarely perfect semi-circles and
a curve fitting program is typically used.

Figure 81: Equivalent circuit for the different contributions of the total conduction: intergranular
contact, bulk, and electrode contact (117).
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Temperature dependence, atmospheric conditions, and the reaction towards 4000 ppm of
hydrogen were tested for each sensor. Figure 82 shows the temperature dependence for
both the 10% SnO2/90% GZO (Figure 82.a) sensor and the Gd1.6Sm0.4Zr1.8Sn0.2O7 sensor
(Figure 82.b).

Figure 82: AC impedance spectra for (a) 10% SnO2/90% GZO composite sensors and (b)
Gd1.6Sm0.4Zr1.2Sn0.2O7 sensor in a 20% oxygen atmosphere. Resistance of each material system
decreases as the temperature increases.

The resistances of each of these sensors decrease as the temperature increases. This is
due to the fact that the conduction mechanism is facilitated with temperature and there is
better carrier transport at higher temperatures.
Because of the film’s thickness, the electrode’s contribution is not seen in the impedance
plots, nor is the bulk contribution easily distinguished from the grain boundary resistance in
these plots (118). Due to the single curve seen, a simple RC electrical model was chosen
for the sensors as seen in Figure 83, where R1 represents the grain boundary resistance
and C1 is the capacitance associated with the grain boundaries. Had the bulk contribution
been more significant, an additional resistor in series with the RC element would have been
added in series to the RC element and a shift of the single curve along the Z’ axis would
have been seen.
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Figure 83: Equivalent circuit consisting of a resistor and capacitor in parallel. R1 represents the grain
boundary resistance and C1 is the grain boundary capacitance.

As discussed earlier in the chapter, it is believed that the SnO2 particles are providing H2
adsorption and therefore increasing the sensitivity of GZO and that the sensing mechanisms
are being carried out at the SnO2/GZO interface. The conduction throughout the sensor is
being facilitated by oxygen vacancies and is an ionic in nature. When looking at this sensor
at 600°C at various oxygen partial pressures in Figure 84, we notice that as the oxygen
percentage in the atmosphere increases the grain boundary resistance also increases.

Figure 84: Impedance spectra of 10% SnO2/90% GZO at 600˚C at various oxygen partial pressures. As
oxygen percentage increases, the resistance also increases indicating oxygen adsorption on the
surface of the grain boundaries.
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This is attributed to oxygen adsorption at the SnO2 grain boundaries (119). Table 6 shows
the R1 and C1 fitted values from Zplot along with the confidence value (p) from the program
for 600°C at various oxygen partial pressures and reaction to H 2 at these oxygen partial
pressures.
Table 6: Fitted values from Zplot for the grain boundary resistances and capacitances for a 10%
SnO2/90% GZO sensor at 0, 10. and 20% oxygen atmospheres with and without hydrogen.

When hydrogen is absent from the atmosphere we see that the capacitance remains stable
as the oxygen content increases confirming the composite is an ionic conductor. When
hydrogen is introduced to the atmosphere the capacitance increases indicating an increase
in oxygen vacancies further confirming that at 600˚C the sensing mechanism controlling this
sensor is a surface reaction between adsorbed oxygen on the SnO 2 particles and the
conduction through oxygen vacancies.
A slightly different mechanism has been described for this sensor material at 1000°C. It is
well know that SnO2 begins to reduce around 700°C. In an inert atmosphere it was
proposed that at this elevated temperature, the SnO2 would begin to reduce, and the
released oxygen bonds with the hydrogen in the atmosphere. When we look at the fitted
data, we see that the grain boundary resistance increases and the grain boundary
capacitance decreases. If the surface of the sensor was stripped of its oxygen when
hydrogen was introduced, and there was no oxygen in the atmosphere to refill the oxygen
vacancies, the conduction of the material at the surface would dependent on either donation
of oxygen from the SnO2 or the bulk oxygen from the GZO. Resistance would increase
because of the energy needed to cross the multiple oxygen vacancies to get to the surface.
When looking at the Arrhenius plot in Figure 85 for the 10% SnO2/90% GZO composite
sensor, the activation energy is similar for each oxygen atmosphere at 0.522, 0.523, and
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0.537 eV for 0%, 10%, and 20% oxygen with 4000 ppm of H2. Typical results for pure SnO2
films range from 1.97 eV for nano particles to 0.56 eV when annealed to 500˚C (120) and
GZO are around 0.8 eV (114) for bulk conduction measurements. The lower activation
energy for this sensor is to be expected due to the surface dominated mechanism.

Figure 85: Arrhenius plot of 10% SnO2/90% GZO sensor. The activation energies of the sensor at the
various oxygen partial pressures were calculated from the slope.

By mixing the SnO2 with the GZO, it has been shown that the Sn is stabilized at high
temperatures in inert environments by oxygen donations from the GZO lattice. However, Sn
can still reduce down to its base metal after extended operating times; therefore, Sn was
doped into the pyrochlore structure to completely stabilize the material and increase the
sensitivity of GZO to hydrogen. When comparing the impedance spectra of this material to
the composite we have already seen in Figure 82 that both materials are thermally
activated, showing a decrease in resistance as temperature increases. A major difference
between these materials is seen in Figure 86, where the Gd1.6Sm0.4Zr1.8Sn0.2O7 material
exhibits an increase in resistance when hydrogen is present in the atmosphere.
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Figure 86: AC impedance plot of Gd1.4Sm0.6Zr1.8Sn0.2O7 sensor at 0, 10, and 20% oxygen atmosphere with
and without hydrogen present in the atmosphere at 1000˚C.

Table 7 shows the fitted R and C values for the Gd1.6Sm0.4Zr1.8Sn0.2O7 system in 0, 10, and
20% oxygen atmospheres with and without hydrogen present. This material being a pure
ionic conductor is confirmed when looking at the capacitance values for this material at the
varying oxygen partial pressures. As discussed with Figure 76, a p-type like response is
seen at each oxygen partial pressure. Since this composition is still a complete ionic
conductor, frenkel defects provide the pathways for oxygen conduction, equation 47, and
the bulk oxygen tries to reach equilibrium with the oxygen in the atmosphere via equation 48
and 49. In the impedance testing, the values for both the resistance and capacitance
remain fairly stable for each oxygen atmosphere, indicating that adsorbed oxygen on the
surface of the sensor does not affect the conduction. When hydrogen is present in the
atmosphere, the resistance of the grain boundary increases and the capacitance decreases
indicating a decrease in oxygen vacancies at the surface of the material.
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Table 7: Fitted Zplot values for grain boundary resistance and capacitance with fit confidence value for
0, 10, and 20% oxygen atmosphere with and without hydrogen for Gd1.6Sm0.4Zr1.8Sn0.2O7.

Figure 87 is the Arrhenius plot, and also shows a similar activation energy for this material
as the 10% SnO2/90% GZO sensor making it a good alternative for high temperature
hydrogen sensing. The activation energy was calculated to be 0.49 eV for 0% oxygen and
0.52 eV for 10 and 20% oxygen atmospheres.

Figure 87: Arrhenius plot of Gd1.4Sm0.6Zr1.8Sn0.2O7 at 0, 10, and 20% oxygen. Activation energy was
calculated using the slope of each line.
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4.3.8 CO Cross-Sensitivity Testing
Several material systems were tested for their response and cross-sensitivity toward CO. It
is well known that metal oxide semiconductors have poor selectivity (121). Both hydrogen
and CO can bond with adsorbed O2- to form H2O and CO2 respectively. In theory the CO
cross-sensitivity would be stronger for the sensors containing SnO 2. It is believed that the
zirconate materials will be more resistant to CO absorption because the Sn is imbedded in
the pyrochlore material. Each material was tested in a 10% oxygen atmosphere at 600,
800, and 1000˚C. CO gas was pulsed into the chamber at 1000, 2000, and 4000 ppm, 2000
ppm of H2 was run through the system until the sensor stabilized and then another pulse of
500, 1000, and 2000 ppm of CO was pulsed again. Pure SnO2 was tested as a baseline
material to demonstrate the interference that CO gas causes for hydrogen sensors. Figure
88 displays the materials strong response to both CO and H 2 gases.

Figure 88: CO cross-sensitivity of SnO2 at 600˚C in 10% oxygen atmosphere. SnO2 shows similar
sensitivity to CO as H2 making the sensor unfit if both gases are present in the atmosphere.

As the temperature is increased to 800 and 1000˚C, the stability of the sensor decreases
and begins to lose its sensitivity to both gases as displayed in Figure 89.
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Figure 89: Response of SnO2 to CO and H2 gases at 600, 800, and 1000˚C. SnO2 sensor begins to
deteriorate as the temperature increases.

When comparing each of the systems, at 600˚C both pure SnO 2 and Gd2Sn2O7 are both
equally responsive to hydrogen and CO whereas the systems containing zirconium are less
responsive to CO gas as seen in Figure 90. Both Gd2Sn2O7 and Gd1.6Sm0.4Zr1.8Sn0.2O7
retained their sensitivity to H2 at 800 and 1000˚C. However, Gd2Sn2O7 also shows high
sensitivity to CO at these temperatures whereas Gd1.6Sm0.4Zr1.8Sn0.2O7 shows little to no
sensitivity to CO at 800 and 1000˚C.
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Figure 90: Normalized response to CO and H2 of (a) SnO2, (b) Gd2Sn2O7, (c) Gd1.6Sm0.4Zr1.8Sn0.2O7, (d) 10%
SnO2/90% GZO at 600˚C. Both SnO2 and Gd2Sn2O7 show similar responses to CO and H2 while the
doped zirconates show some resistance to cross-sensitivity.

4.4 Conclusions
Each material system synthesized in chapter 3 was tested on a macro-sensor platform and
the response time, sensitivity, drift, and cross-sensitivity for CO was evaluated for H2
sensing. Traditional MOS materials like SnO2 were found to be unfit for high-temperature
applications due to their drift caused by microstructural changes and their proclivity to fully
reduce to their base metal in inert atmospheres above 700˚C. However, by incorporating
SnO2 with a zirconate material, the composite mixture remained stable and had good
sensitivity to H2 in a range of oxygen partial pressures. By further incorporating Sn into the
zirconate structure as a dopant, the tin is fully stabilized in inert atmospheres and provides
hydrogen absorption for sensing. A 20% doped zirconate exhibited the best performance
among the materials tested. When Zr is fully replaced by Sn, the conduction of the material
is reduced making it less effective than the 20% doped material. The 20% doped zirconate
also had the best resistance to CO cross-sensitivity at 600˚C.
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Chapter 5: H2 Micro-Sensor Fabrication
5.1 Introduction
Innovative research is required for the development of both nano-derived, multi-dimensional
sensor materials for high-temperature (500-1500C) applications, as well as, novel methods
of incorporating these novel nanomaterials into micro-sensor platforms and arrays. These
chemical micro-sensors can be directly implemented into clean energy and emissions
monitoring applications. Many researchers have been focusing on ultra thin film deposition
techniques. With these techniques researchers can achieve superstructures and three
dimensional structures composed of nano-particles. These novel nano-derived thin films
have found various uses in chemical and biological sensing applications and has redirected
nanomaterial research (122) (123). Unfortunately, these applications are targeted for room
or low temperature applications due to complications with nanomaterial sintering/coarsening
and chemical interaction with the substrate (typically Si). This sintering and coarsening is a
common issue seen in nanomaterial reforming catalysts, thus common sensing materials
such as SnO2, ZnO, TiO2, and others are unsuitable for high temperature applications. A
more complex nanoparticle compositions and/or nano-composite systems are required in
order to provide the proper chemical sensitivity, as well as, thermal, chemical, and
microstructural stability at high-temperature. This compositional complexity limits the ability
to utilize conventional physical and chemical vapor deposition methods to pattern threedimensional chemical absorbent structures for the microsensor applications.
The method for producing patterned thick film chemical sensors on planar substrates has
been traditionally limited to screen-printing and stenciling processes. These processes are
low cost, and easily repeatable, but the resolution and alignment of the method is limited to
features >100 μm. Various miniaturized chemical sensor arrays have been demonstrated
by industrial and academic researchers. Many of these sensors were fabricated by thin film
deposition processes (sputtering, evaporation, and chemical vapor deposition) and later
patterned using soft lithography-type processes (124). These groups focused on the
patterning of semi-conducting metal oxide gas sensors consisting of SnO 2, ZnO, TiO2, and
WO3. The main drawback to these techniques is the cost and complexity of thin film
deposition. Also, the ability to wet etch the mask components while strictly leaving the
sensitive electrode or film well-defined, with little compositional alterations, has not been
proven (125). To avoid these complications, self-assembly, direct-writing, or directed
108

assembly of nano- to micro-particulate suspensions have been used to form metal oxide
semiconducting sensors (126) (127). These methods directly deposit the materials onto the
substrate and are then thermally processed. This allows for more complex materials to be
patterned inexpensively and without harmful etchants that can alter the microstructure or
chemical state of the sensing material.
The most promising of these methods is the use of LIGA-like (German research groups
standing for LIthographie, Galvanoformung, and Abformung) fabrication techniques to
pattern nanomaterial suspensions on planar substrates (128) (129) (130) (131). LIGA
processes were used to fabricate PMMA molds of micro-gears and micro-test bars.
Aqueous nanomaterial suspensions were cast into the PMMA molds, demolded, and
sintered to produce freeform ceramic parts. Antolino et al. fabricated partially-stabilized
zirconia (ZrO2) structures using a UV LIGA-like process with SU-8 photoresist (I-line
lithography) (89) (90). The key process features were the formation of the micro-mold
patterns on planar Al2O3 substrates and removing the micro-molds after casting. The cast
nano-zirconia suspension in the micro-molds was thermally processed at 1300C without
removing the SU-8 photoresist. During the so-called lost-mold infiltration forming, the micromold was removed by thermolysis during the sintering process, and the ZrO 2 microceramics released from the substrate due to their thermal expansion mismatch with the
Al2O3 substrate. The process is attractive for high volume manufacturing of micro-ceramic
parts using nanomaterial suspensions. An ETH Zurich group used a similar UV LIGA-like
process to form patterned SnO2 structures for sensor applications (126) (127) (131) (132)
(133) by casting directly onto capillary micro-molds composed of novolak/diazochinone
positive photoresist on Si substrate. The ETH Zurich group showed that patterned sensor
materials could be formed with particulate suspensions.
As stated above, the work on micro-sensors is based on chemically simple compositions
integrated on temperature-limited silicon substrates. High-temperature gas sensor arrays do
not currently exist due to the complexity of processing vastly different selective electrode
compositions on various substrate materials (134) (135). In this work, methods for
incorporating particulate nanomaterials into miniature sensor platform were investigated. A
microcasting technology was used to produce micron-scale, three-dimensional structures
composed of nano-composite electrode powders. Microcasting provides the feature
resolution required to reduce component size while retaining the process flexibility to accept
the nanoscale composites; the targeted innovation in this program will be to use this process
109

technology to cost-effectively manufacture sensors of various compositions for a multitude of
sensor applications. Significant tailoring of the coating concentration, solvent, binder, and
dispersant concentration, as well as photoresist-suspension interactions, substratesuspension interactions (wetting), and thermal processing were investigated to assure the
portability of the sensor electrode composition and microstructure. Work was also
completed to investigate the processing issues related to the deposition, micro-patterning,
and stabilization of the interdigitized electrodes (IDE) required for sensor interconnection at
high-temperature.
5.2 Experimental
In order to fabricate a thick, porous sensing structure a lost-mold micro-casting process was
investigated based on the original work completed by Antolino et al. (89) (90). For this work,
a chemi-resistive chemical sensor architecture on a ceramic oxide substrate was the focus.
Unlike previous demonstrations of microcasting by Antolino et al., the cast material will be
tailored to bond to the substrate. Figure 91 shows a schematic cross-section of the
microsensor as it passes through the processing steps. For a general description of the
process, the first step is to deposit the IDE pattern onto ceramic insulating substrate. The
IDEs are patterned using a “lift-off” process, where the metal interconnect material is
sputtered onto a developed photoresist; the photoresist is removed leaving the metal only in
previously developed locations (STEP 1-5). The patterned micro-mold is deposited using
lithography (STEP 6-7). Finally, the selective nanomaterial absorbent suspension is cast into
the molds (STEP 8-9), and the sample undergoes a thermolysis high-temperature sintering
step to densify the selective-electrodes (STEP 10 and 11).
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Figure 91: Casting system for micro sensors

In this work, a SU-8 25 negative photoresist (MicroChem Corp., Newton, MA) was used to
form the lost-mold for the micro-casting process. Because the deposition procedures for
SU8 25 (negative photoresist) are specified for silicon substrates, a new procedure had to
be made for ceramic substrates such as alumina (Al2O3), single crystal alumina, and yttriastabilized zirconia (YSZ). YSZ and Al2O3 substrates were fabricated in-house, while the
single crystal Al2O3 was purchased from MTI, (Item #ALC050505S2, MTI, inc). Variables
such as spin rates, bake times, exposure times, and development times must be explored
for each type of substrate. The lithography process specifically used in this work started with
the cleaning and drying of the substrates in a 5 minute acetone bath, followed by a 5 minute
methanol bath, a de-ionized (DI) water rinse, and nitrogen gas dry. Any contamination could
greatly alter the quality of the spin coat, so each substrate was thoroughly cleaned. The
next step included a 15 minute evaporation bake in which the substrates were placed on a
95°C hotplate. Once free of any surface debris, the wafers were placed in a Larurell
Technologies 400 Series spin-coater, and SU-8 25 photoresist was deposited evenly with
thicknesses from 30 to 90 µm. The photoresist was then baked on the substrate for partial
crosslinking at 65˚C for 5 min and at 95˚C for 10 min. The crosslinking is completed using a
flood exposure system that exposed the mold pattern with 365 nm, 10mW/cm2 ultra-violet
(UV) source. A postbake at 95˚C for 5 min is required before the sample is placed in
MicroChem’s SU-8 Developer (MicroChem Corp., Newton, MA). Once the sample was
sonicated in the developer and rinsed with DI water the mold was prepared for casting.
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Microcasting was performed with three different aqueous and non-aqueous ink formulations.
The first ink consisted of 60, 40, 20 wt% of nano-agglomerated ceramic powder and a
terpineol/ethyl cellulose based ink vehicle, J2M, (63/2, Johnson Matthey, UK) that was
sonicated until particles were well dispersed. Two aqueous-based ink systems were
evaluated, a slip casting system consisting of BECKOPOX® VEP 2382w/55WA and
Dicyanex 1400B curing agent from Cytec (Smyrna, GA) and a gel casting system consisting
of 1% MAM/MBAM (Alfa Aesar). The aqueous-based ink systems were tested with a 12 to
30 vol% of ceramic nanoparticles. The casting was completed by a stenciling process using
a CERD screenprinter (248, DEK, Weymouth, UK) in order to precisely control casting rate.
After the casting, the substrate was dried in air at room temperature, then placed in a hightemperature furnace and burned out and sintered in a two-step process with heating rates of
1˚/min to 600˚C and 10˚/min to 1200˚C with a one hour dwell time at 1200˚C for zirconate
based materials. The developed molds, casts, and sintered sensor materials were
characterized using an Axio Scope A1 optical microscope (Carl Zeiss, Inc., Thornwood, NY,
U.S.A.) and secondly with an electron microscope (SEM, JSM-7600F, JEOL, MI).
5.3 Results and Discussion
The ceramic substrates have a much lower thermal conductivity than Si wafers; therefore,
the pre-bake and post-bake times must be extended over typical times reported for Si
wafers. In the case of 150 µm thick alumina and YSZ substrates, each thermal stage was
increased by nearly one minute per stage. The surfaces of these substrates also reflect
back a portion of the UV light which can overexpose your features. Researchers using
ceramics spin an anti-reflective coating to prevent overexposure due to the reflective nature
of the ceramic substrates (89). However, the lost-mold process requires that the cavity
reach the substrate in order for the sensing material to bond, so an anti-reflective coating is
not a viable option. Instead the exposure times were varied to find an optimum time frame
to achieve defined features. For a photoresist thickness of 40-50 µm the exposure time was
reduces to 3-4 seconds. This entire process also varies slightly when altering the ceramic
substrates from YSZ to alumina.
Once the optimum bake times and development times were found, several sets of molds
were fabricated using both circular (250µm diameter), and rectangular features (200 x
500µm), as seen in Figure 92.
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Figure 92: Micro-molds of circular and rectangular features

Not only does the lithography process vary with the substrate, but the geometry partially
controls the level of definition that may be achieved (Figure 92). The circular features
developed very clearly with very little effort. YSZ, alumina, and single crystal alumina
substrates were used with this pattern, and as the quality of the substrate improved, so did
the clarity of the features. The single crystal substrate, Figure 92b, produced the best
defined mico-mold cavity. For circular mold features, a shrinkage of less than 3% was
recorded from the pattern on the mask to the final mold feature. The development of the
rectangular features presented more issues, especially in the corners of the mold. The
corners of the rectangles rarely developed to the desired definition, and if the development
process was prolonged, stress cracking presented itself on the top of the mold at the
corners of the rectangles. These cracks resulted in small lines of cast material radiating
from the corners of the rectangular features after casting. The shrinkage of the feature size
with the rectangular molds was calculated to be less than 1.5% using a Zeiss AXIO A1
optical microscope (Allied High Tech Products, CA) with AxioVision 4 image analysis
software.
There are two ways to remove SU-8 25 molds: 1) chemical etchant, 2) thermal
decomposition. The most common method is to use a strong chemical etchant, but this can
damage the final structure by re-dispersing the nanomaterials and by causing unwanted
dimensional changes due to porosity infiltration and drying. By burning off the SU-8, the
process of removing the mold and sintering the material can be simplified into a single
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thermal cycle. Since there is limited data on the thermal decomposition of SU-8 25, a
thermogravimetric analysis (Pyris 1 TGA, CT) of the material was performed to identify
polymer unzipping decomposition and combustion processes as a function of temperature.
Figure 93 shows that the polymer begins a rather steep decomposition around 280˚C and by
500˚C less than 2 wt% of the SU-8 remains.

Figure 93: TGA of SU8 25

In order to reduce stress cracking due to gas expulsion and thermal expansion coefficients
mismatch between the polymer and cast material, and match the binder burnout
temperature of the ink binder systems in the cast material, a heating rate of 1˚C/min to
600˚C was shown to produce a defect-free cast structure. Once the heat cycle reaches
600˚C the ramp rate was increased to 10˚C/min and held at various temperatures for 1 hr to
quickly sinter the material, keeping the 3-D structure intact. Residual carbon remains within
the structure up to nearly 1000˚C when the sample is fired in air.
Two methods have been used to squeegee the material into the micro-molds. The inks
were either casted by hand or stenciled with a screenprinter. With the screenprinter, the
mold surface was left cleaner and the parameters like squeegee pressure and speed were
controlled and recorded. For this reason, the screenprinter was primarily used for
depositing the active nano-particulate inks. Figure 94 shows an optical micrograph of a
lanthanide series oxide ink casted using the stenciling process with a squeegee pressure of
15.5 kg at 10 mm/s, respectively.
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Figure 94: Optical micrograph displaying circular zirconate structures deposited on an YSZ substrate by
stenciling using screenprinter.

Other variables that affect the final structure were the particle size, viscosity, and sintering
temperature of the ink. Figure 95 displays optical micrographs showing how decreasing the
particle size improves the definition by stabilizing the structure. The as-received powder
consisted of agglomerations of zirconate nanoparticles with agglomerate sizes ranging from
200 to 500 µm. If large particles are used for a casting procedure, large intergranular pores
were created and were difficult to remove during sintering which limits the final density and
results in microstructural flaws (136). In order to reduce the particle size, the powder was
ball milled overnight and ran through 60 and 325 meshes. The sieved powder was
incorporated into a terpineol based ink system (J2M) as previously described. If the
particles were too large, they did not sinter to each other or to the substrate creating broken
structures and excess debris as seen in the top corners of Figure 95. The surfaces of the
substrates are much cleaner and the features were more defined and dense when the
particle size was decreased due to better particle packing which created a more stable
structure.
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Figure 95: Optical micrograph displaying the effects of nanomaterial agglomerate size within the ink on
final definition of the dried and sintered micro-feature.

The thermal processing (final sintering temperature) is also an important variable to ensure
adhesion of the nano-derived, micro-feature to the substrate. The sintering temperature
also controls the desification and grain growth of the nanomaterials that make up the microfeature. With the zircontate-based materials used in this work, a final sintering temperature
of at least 1200˚C was needed to achieve proper adhesion to both alumina and YSZ
substrates.
Scanning electron microscope (SEM) images of the cast materials were obtained to further
investigate the effect of processing parameters on the final structure. Figure 96 shows two
different cast nanomaterials, YSZ and Al2O3 with a 20% solids loading. These materials
were cast in both the circular and rectangular molds on polycrystalline YSZ and singlecrystal Al2O3 substrates. Each ink was made using J2M, a terpineol based binder (63/2
Johnson Matthey, UK). After a single application of the ink into the molds, a cup-like
structure was formed after drying (see Figure 96(a)). The SEM revealed that the ink
formulation created a hollow cylinder. This particular ink formulation appears to be
incompatible with the SU-8 mold. It is thought that the low wetting of the mold by the J2M
binder system resulted in phase separation during the drying process. A portion of the
binder system separated to the center of the mold, which forced the particles to the outside
of the mold. The cupping effect was reduced for both circular and rectangular geometries
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(see Figure 96(b-d)) by repeating the casting and drying process twice before thermal
treatment.

Figure 96: SEM of casted materials, (a) single cast of ysz on ysz, (b) double cast of ysz on ysz, (c)
alumina on single crystal alumina substrate, (d) close up of ysz rectangle

Many traditional screenprinting inks are based on a terpineol/ethyl cellulose binder vehicle,
such as the J2M system previously discussed. Due the wetting difficulties aligned between
this system and SU-8, several other ink vehicles were tested at different mold thicknesses.
The J2M ink, water-based epoxy slip cast system (BECKOPOX and Dicyanex from Cytec),
and a water based gel cast system (1% MAM:MBAM) created by Janney et al. (137) were
tested using 12 vol% of nano particle size YSZ.
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Figure 97: Comparison of binder system and mold depth

As noted before, the J2M ink vehicle with YSZ demonstrated cup-like features after a single
cast, and this feature increased as a function of mold depth (see Figure 97). The waterbased epoxy slip cast system produced stable cylinders with little debris. The water-based
gel casting system also produced a cup-like feature, but to a lesser extent. As seen with the
J2M system, the gel cast ink system appears to pull away from the surface of the molds.
SEM micrographs were taken of each of the samples to explore the binder systems further.
Figure 98 (a) shows a stable YSZ pillar using the slip casting system with slight shrinking at
the base after sintering to 600˚C at 1˚/min to 1200˚C at 5˚/min and holding for 1 hour. Top
view image (Figure 98b) shows that the pillars retained circular geometry with little stress
cracking. These pillars were also evenly packed and porous which is optimal for gas
sensing (Figure 98c).
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Figure 98: SEM micrographs of YSZ circular features micro-casted onto YSZ substrates utilizing a waterbased epoxy ink system.

The effect of sintering temperature and the solids loading on a circular pillars cast using
the water-based epoxy system was investigated. The 12, 20, and 30 vol% solids
loading were investigated. As the solids loading increased, the stability of the microfeature increased and the shrinking at the base decreased, as seen in Figure 99(a).
The purpose of the binder is to provide strength to the green structure by forming
bridges between particles. With a smaller volume percent of particles, the polymer
bridges are longer for the same structure with leaves the structure in a weaker state
once the binder is burned out. With a higher solids loading, the packing density is
higher producing a stronger structure after sintering. When the sintering temperature
was increased from 1200˚C to 1300˚C, the structure shrank considerable due to
densification, which induced stress cracking as seen in Figure 99(b).

Figure 99: SEM micrograph showing a comparison of retention of a circular feature as a function of
solids loading and sintering temperature (a) 20 vol% at 1200˚C, (b) 20 vol% at 1350˚C
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Figure 100 shows the results of YSZ casting using gel casting and terpineol systems with a
20 vol% solids loading. Figure 100a revealed that water based gel cast system did not cup
but collapsed due to an air bubble at the base of the structure which may indicate that a
higher solids loading must be investigated to form a stable structure. The J2M binder
system created hollow cylinders which are possibly due to a repulsion between the SU-8
mold surface and the ink binder (Figure 100b).

Figure 100: SEM micrographs or circular features formed from alumina nanomaterials on an alumina
substrate using (a) water based gel cast system, and (b) J2M binder

The rheology of each system was investigated to better optimize the casting system and to
understand the anomalies found. Contact angle measurements were used to determine the
surface wetting properties of the binder systems with alumina, YSZ, and SU-8. The first
system tested was the aqueous based slip casting system with the results shown in Table 8.
When the solids loading reaches 30 vol% the solution no longer behaves as an ink, creating
peaks instead of droplets on the substrate. At this point, there is additional force acting on
the drop. Capillary action pulls the particles in fighting the surface tension and forming
these peaks. This restricts the solids loading of this system to less than 30 vol% to
effectively fill the molds and prevent cracking during sintering.
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Table 8: Contact angle measurements of aqueous based slip casting system of GZO

The J2M binder system created hollow cylinders once sintered. When looking at the contact
angle measurements, good wetting of the surface of each of the substrates is seen
indicating that the hollow centers were not caused by a repulsion of the binder and the SU8
mold. Instead there is a wicking effect much like tape casting that is pulling the binder and
particles towards the outside of the mold. If the solids loading is increased beyond 30 vol%,
the sintered features become more complete and the hollow centers are no longer seen.
Table 9: Contact angle measurements of terpineol based J2M binder with GZO

5.4 Conclusions
The goal of this work was to incorporate nano-materials into micro sensor arrays for gas
sensing at high temperature. The focus has been on the fabrication techniques that can be
used to create porous 3-D networks of metal-oxide semiconducting materials. A
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microcasting system was developed using ceramic substrates and a thick film
photolithography technique that produced molds up to 90 µm thick with good resolution and
high aspect ratios with various geometries. Several ink binder systems were tested to
determine which system would produce a stable 3-D structure that remained porous after
sintering to temperatures around 1200˚C. A 20 vol% solids loading was required to create a
stable structure with each evaluated binder system. It was also determined that the
aqueous based slip casting system produced the most stable structure with little deformation
after sintering. Although the other two binder systems, water-based gel casting and J2M
terpineol based binder systems, were not as effective in this study, more research is
required to evaluate the uses of these binders for micro-casting and formation of alternative
3-D structures.
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Chapter 6: H2 Micro-Sensor testing at High Temperature
6.1 Introduction
An ideal gas sensor must meet a number of requirements. It must be selective towards the
gas of interest within the desired temperature and concentration range. The sensor’s
sensitivity to the gas should not be affected by other gases that are not of interest, and
lastly, the sensor’s response to the gas of interest should be quick and stable. A majority of
these requirements can be greatly improved by incorporating the sensing material into a
micro-electrode platform.
Numerous studies have shown that reducing the size of the sensing material’s particle size
can increase the sensitivity and response of the sensor, but reducing the scale of the
electrode system can also greatly affect the performance of the sensor. For resistive
sensors, the sensing material creates a bridge between the teeth of the electrodes allowing
a signal to be sent to the output. A typical interdigitized electrode configuration can be seen
in Figure 101.

Figure 101: Schematic of IDE's : g is the gap, w is the width, l is the length of the fingers and N is number
of electrodes

The most important parameters for the electrode design are the gap between the teeth (g),
the length of the teeth (l), and the width of the teeth (w). Tamaki et al. found that by
decreasing the gap size from 5 µm to less than 1 µm, the sensitivity increased due to the
increased contribution of the interface between the oxide grain and the electrode (60).
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When studying the effect of gap size in a NO2 sensor using WO3 as the sensing material,
they found that for gap sizes larger than 0.8 µm, the sensor response was unchanged but
for gap sizes below 0.8 µm the response tended to increase with the decreasing gap size. It
was determined that the contribution of the resistance at the electrode-grain interface to the
total sensor resistance became larger when the gap size is decreased. This means that
with smaller gap sizes, the electrode contributes significantly to the sensing mechanism.
Hoefer et al. used a transmission line model method to evaluate the sheet and contact
resistances of thin-film SnO2 gas sensors using Pt electrodes (138). The transmission line
model was first introduced by Shockley as a way to estimate the contact resistance between
a semiconductor and the electrodes by plotting the total resistance between contacts as a
function of the distance between the two contacts (139). They found that the most sensitive
device consisted of a wider SnO2 layer with short electrode separation when detecting CO.
By reducing the distance between the electrodes, the current limitations are reduced
(conduction is improved). They also showed that the strongest response due to CO gas
reaction was closest to the electrode/metal oxide interface. The charge transfer can be
greatly improved with catalysts (as seen in Chapter 4) and with shorter current paths
between electrodes.
Tamaki et al. also found that when looking at thin film with particle sizes equal to the gap
size (50µm) the sensor response at the interface between the oxide and electrode is
stronger than the grain boundary response (140). Studies have also shown that the material
used for the sensing electrode plays an important part in the performance of the sensor.
The most common electrode material used today is platinum, with gold also being used for
lower temperature sensors (141). Capone et al. showed that the peak sensitivity shifted to
higher temperatures when using Pt electrodes (450˚C) compared to Au electrodes (300˚C)
for a thin film SnO2 sensor for CO (59). He attributed this shift in temperature to a diffusion
of the Au into the sensor film. Hoefer et al. also proved that interdiffusion between the
sensor material and the electrodes during fabrication using a transmission line method for
SnO2 (138). Dutronc et al. reported the difference that the electrode material makes for
both SnO2 and Fe2O3 semiconductors (62). Comparing Pt, Au, Pt/Au, and Ag/Pd and Ni
electrodes they found that both Ag/Pd and Ni shorted out or had negligible sensitivities at
300˚C and above. The silver migrated into the oxide and shorted out the sensor. The nickel
oxidized during the firing of the oxide and operated at too high of a resistance to detect
changes due to gas concentrations. For SnO2, the response to methane with Pt/Au
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electrodes was 1/10th that of pure Pt or Au electrodes. By sputtering Au instead of
screenprinting, the sensitivity was further improved, but for the Fe2O3 semiconductor, the
difference between sputtered and screenprinted was not seen. This further proves that the
pairing between electrode and sensing material must be optimized for the application.
In chapter 4, macro-scale testing of a collection of sensing materials was performed. A
selection of these materials showed great potential for high temperature hydrogen sensing.
By incorporating the best of these materials into a micro-scale electrode platform (4 mm x
1.2 mm) the sensitivity and response time is expected to increase. This micro-scale
platform will also allow for the sensor to be placed within mechanical systems or reactions
without disrupting fluid flow or normal operation and allow for easy integration into a microsensor array in future research.
6.2 Experimental
A standard UV photolithography process was used to pattern the micro IDE’s. AZ 3300F
(AZ Electronic Materials) photoresist was deposited on a polished alumina substrate in a
spin-coater (Laurell Technologies, 400 spinner) to a thickness of 4 µm and is baked at 95˚C
for 1.5 min before exposure. The substrates are placed in a mask aligner (Suss Microtech,
MA6) and exposed, and baked at 110˚C for 1 min. The substrate is then developed in an
ultrasonic bath of AZ 917 developer until the pattern is fully etched away. The patterned
substrate is then heated to 200˚C in a sputtering station (Magnetron Sputtering, CVC 610
DC) and a 35 nm adhesion layer of zirconia is sputtered down followed by a 425 nm thick
layer of platinum. The electrodes were annealed at 1200˚C for 1 hour to stabilize them for
high temperature testing.
Dried hydrothermal powders of the sensing materials were mixed with a terpineol/ethyl
cellulose based ink vehicle, J2M, (63/2, Johnson Matthey, UK) with a solids loading of ~60
vol%. Details of the powder synthesis have been discussed in Chapter 3 and ink
characteristics are detailed in Chapter 4. Three materials systems were chosen for testing,
SnO2 as a baseline, and the two best performing materials, 10% SnO 2/90% GZO and
Gd1.4Sm0.6Zr1.8Sn0.2O7. Each of the material systems were painted on the electrodes with a
total film thickness of 100 µm. In order to promote adhesion and reduce cracking of the film
the sensors were placed on a hotplate at 65˚C to dry and then fired in a furnace at a heating
rate of 1.5˚/min to 600˚C, 5˚/min to 1200˚C, held for 1 hour, then cooled at the same rates.
Each zirconate sensor was tested at 600˚C, 800˚C, and 1000˚C. Figure 102 represents the
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total heat cycle the sensor experiences during the test. The sensor was held at each of
these temperatures for 6 hours; therefore, by the conclusion of the test, the sensor was held
at elevated temperatures for over 20 hours. During each of temperature plateaus the
sensors were tested for sensitivity, response time, recovery, and repeatability.

Figure 102: Thermal cycle for sensor testing with dwells at 600, 800, and 1000˚C

The pyramid in Figure 103 increases the ppm level of H2 from 500 to 2000 to 4000 ppm and
decreases back down to 500 ppm. Each of these concentrations is held for 10 min and then
the pyramid is repeated with a hold time of 1 min. A final pulse of 4000 ppm for 30 sec, 15
sec, and 5 seconds was used to test further for response and recovery time. Each gas used
was research grade purity from Valley National Gases (Fairmont, WV) and passed through a
6 micron filter before being introduced to the mass flow controllers. A 0.5% H 2/N2 mixture
was used as the sensing gas and was balanced with a pure N 2 and O2 for a given
atmosphere and hydrogen content.
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Figure 103: Flowrate of H2 for macro sensor test

Sierra Smart Trak 2 mass flow controllers were connected to a National Instruments DAQ
board controlled by Labview. This system was used to control the gas flow to the tube
furnace. The complete Labview program can be seen in Appendix B. Each mass flow
controller was calibrated to the gas mixtures purchased from Valley National Gases with
flow rates from 0-50 sccm with an accuracy of ±0.5% of full range. Stainless steel tubing
with Swagelok fittings was used to connect the gas tanks to the test stand. A picture of the
completed stand can be seen in Figure 104.

Figure 104: Experimental test setup for hydrogen sensing
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A Keithly 2100 DMM was used to measure the 2 point resistance of the sensor during the entire
test via platinum wires connected to the platinum lead wires adhered to the sensor’s pads.Each
sensor was characterized by its stability, sensitivity, and response time. The stability or drift is
calculated using the following equation,

[

(

)

]⁄

(54)

Where Ri is the initial baseline resistance (atmospheric conditions), R f is the final baseline
resistance, and t is the duration of the test in hours.
The sensitivity is defined as the change in the resistance in air and when hydrogen is present in
the atmosphere divided by the resistance in air,

(55)

Where Ra is the stable resistance in air and Rg is the equilibrium resistance in the sensing gas.
The response time of the sensor is the time it takes the sensor to reach 90% of the maximum
response resistance to the reducing gas.
6.3 Results
Before comparing test results it is important to know the difference in the iterdigitated electrodes
(IDE) parameters for each sensor platform. The previously discussed macro sensors were
based on a screen printed IDEs containing 11 teeth spaced at 250 µm. The micro-IDEs are
sputtered and have 29 teeth spaced 50 µm apart. Both the number of teeth and spacing will
have a great effect on the performance of the sensor. The complete set of IDE parameters can
be seen in Table 10.
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Table 10: Macro and micro IDE parameters for high temperature testing

Teeth/Gap
Spacing

Number of
Teeth

Width of
Sensing Area

Length of
Sensing
Area

250 µm
50 µm

11
29

3 mm
1.2 mm

8 mm
3 mm

Macro IDE
Micro IDE

Not only will the geometry of the electrode play a part in the sensors’ performance but also the
deposition technique used.

Figure 105 compares the micro-views of each electrode system.

Figure 105(a) shows the uneven electrode and spacing thicknesses that result from the
screenprinting technique. The ink system used in screenprinting also forms islands of Pt along
the printed lines especially when annealed as seen in the SEM image of the screenprinted
electrode. This isolation of Pt might be the main contributor to the signal static seen in the
macro-sensor testing.
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Figure 105: Comparison of IDE microstructure and geometry (a) micrograph and SEM picture of
screenprinted Pt macro IDE, (b) SEM picture of sputtered Pt micro IDE

Control of the geometry and stabilization of the Pt grains can be achieved by using a photoresist
patterning and sputtering technique as seen in Figure 105 (b). To see how the microstructure
and geometry affect the performance of the high temperature sensors, a few materials were
selected for comparison. The first system tested was the 10% SnO 2/90% GZO composite
sensor in a 10% oxygen atmosphere. As seen in Figure 106, the signal noise of the sensor is
greatly reduced at 1000˚C. The micro-sensor also exhibits better sensitivity and response time
as compared to the macro sensor platform. At 600˚C, the macro-sensor needs 9.6 min to reach
90% of the maximum sensor response to 4000 ppm of H2 while the micro sensor only needs 3.6
min, which is a 63% reduction in response time. The sensitivity to 4000 ppm of H2 also
increased from 0.029 to 0.048 from a macro sensor platform to a micro sensor platform at
600˚C. However, at 1000˚C an increase in sensitivity is not seen for the micro-sensor.
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Figure 106: Comparison of 10% SnO2/90% GZO in 10% oxygen atmosphere (a) macro-sensor platform, (b)
micro-sensor platform

It has been shown in several studies that by decreasing the spacing of the electrodes, both the
response time and sensitivity could be improved (59) (138) (141). When looking at the IDEs
used in this study, the conductive pathway for the sensing material was decreased by using a
micro-sensor platform, resulting in an improvement of the response time of the sensor.
However, by switching to a micro-sensor IDE, the sensing area (surface area) is also decreased
which might explain the mixed results in sensitivity for the micro sensor. When considering
high temperature sensors, the grain size must be taken into account. The same ink systems
were used for each sensor platform. For a 10% SnO2/90% GZO composite sensor, the particles
size is on average 60 nm. Since the grain boundaries are controlling the conduction as
discussed in Chapter 4, reducing the number of grains between electrodes (smaller electrode
spacing) decreases the response time but does not improve sensitivity. Because the total
sensing area has been reduced and the grain size remains constant, it is best to compare the
sensitivity of these sensors per surface area. Figure 107 demonstrates the difference in
sensitivity comparison when looking at sensitivity in respect to sensing surface area. At 600˚C
the micro sensor has a 200% increase in sensitivity per mm 2. If the grain sizes could be
reduced, a larger percent increase in sensitivity would be expected.
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Figure 107: Comparison of sensitivity per surface area of 10% SnO2/90% GZO composite macro and micro
sensor platforms.

Similar results were seen for both the Gd1.6Sm0.4Zr1.8Sn0.2O7 and SnO2 sensors, as seen in
Figure 108 and Figure 109. For the Gd1.6Sm0.4Zr1.8Sn0.2O7 material system, diffusion curves
were seen for the response and recovery of the sensor at 1000˚C. The slow diffusion of oxygen
from the bulk to the surface of the macro-sensor prevented it from reaching the maximum
sensor response for the hydrogen; nor did it reach the plateau that was seen in other sensors.
With the micro-sensor platform, the diffusion of the oxygen through the bulk of the sensing
material does not hinder the sensing performance. The micro-IDEs allow for a quick response
and produce a stable output at 1000˚C. The response time was reduced from 8.4 min to 1.8
min at 1000˚C for 4000 ppm of H2.
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Figure 108: Comparison of Gd1.6Sm0.4Zr1.8Sn0.2O7 sensor in 20% Oxygen atmosphere (a) macro-sensor
platform, (b) micro-sensor platform.

For the pure SnO2, the greatest improvement in response time and sensitivity can be seen at
600˚C in Figure 109. The quick pulses of 4000 ppm of H2 at the end of the sensing test can
clearly be seen with responses almost equivalent to the full 15 min pulses of H 2 at the beginning
of the test. The response time was reduced to less than a minute for the micro-sensor platform
for a pure semiconducting material. The stability of the sensor was increased by 93% at 600˚C

Figure 109: Comparison of pure SnO2 sensors (a) macro-sensor platform (b) micro-sensor platform.

Again, comparing the sensitivity per surface area of these two materials systems, the micro
sensor IDE shows greatly improved sensitivity at each testing temperature as seen in Figure
110.

In most cases, the sensitivity per surface area is increased by over 100%.
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Figure 110: Comparison of sensitivity per surface area of SnO2 and Gd1.6Sm0.4Zr1.8Sn0.2O7 macro and micro
sensors in 20% Oxygen atmosphere. The sensitivity for each material system improved by 100% by
incorporating into a mico sensor platform.

As with the macro-sensor IDEs, the micro-sensor IDEs were tested for their contribution to the
overall resistance and drift of the sensor system. The test result for the sputtered micro-sensor
can be seen in Figure 111. The electrodes remained stable with less than 0.05%/hr change at
800˚C and 1000˚C. At 600˚C, the drift was 0.355%/hr, and it can clearly be seen that the
electrode is adding to the sensitivity of the sensor system. Typical sensors resistances seen at
600, 800, and 1000˚C for this research are around 3x10 6, 2x105, and 2x104 ohms, respectively.
The electrodes contribute less than 0.2% at 600˚C, 0.02% at 800˚C, and 0.002% at 1000˚C.
The electrodes would be the most likely cause of the drift at 600˚C, since it is unlikely that the
morphology of the particles are changing at low temperatures after being sintered to 1200˚C;
however, at 1000˚C the electrodes contribute very little to the drift making coarsening or
reduction of the material the most likely candidate for the drift.
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Figure 111: Micro Electrode test in 1% oxygen at 600˚C, 800˚C, and 1000˚C. The Pt sensitivity to H2 can
be seen at 600˚C. However, the electrodes contribute less than 0.2% to the total resistance at that
temperature.

The film thickness also greatly impacts the performance of the gas sensor. Zhang
performed a study on the interaction between the electrodes and the film thickness of the
sensor (28). He found that for a film thickness of 100 µm, 84.8% of the total electronic
current flows within the first 30 µm of the sensing film thickness from the substrate. Within
the first 50 µm nearly all the current flows (96.9%) within this distance from the substrate as
shown in Figure 112. This is however also dependent on the porosity level and total
resistance of the sensing material.

Figure 112: Schematic view of the current distribution in the sensing film (28).
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From this analysis, it can be seen that on the top surface the current change is small,
meaning the resistance change is small for a given applied voltage and a thin sensing film
would be preferred for a quickly responding sensor. Korotcenkov et al. reported that thick
film SnO2 sensors are more responsive to H2 as the thickness of the film decreases from
300 nm to 100 nm (12). In this study when incorporating the sensing materials into a micro
sensor platform the sensing film thickness is decreased considerably from 100 µm to 50-60
µm. For mesoporous materials, diffusion is governed by Knudsen diffusion,

(

)√

(56)

Where r is the pore radius, M is the molecular mass of the diffused gas, T is the
temperature, and R is the universal gas constant (142). The time it takes for a molecule of
gas through a certain thickness can be calculated using Einstein’s relation for transport,

〈

〉

(57)

Where x is the thickness of the film, D is the diffusion coefficient, and t is time. Assuming
the microstructures for each sensor platform is the same, these two equations can be used
to compare the times it would take for hydrogen to diffuse through the two thicknesses. This
will give a better understanding of substantial time difference between the two platforms.
For the Gd1.6Sm0.4Zr1.8Sn0.2O7 sensor at 1000˚C for a 100 µm thick film with pore sizes of 80
nm the diffusion time is 4.78E-5 seconds to reach the electrode. For a 50 µm thick film, the
diffusion time reduces to 1.19E-5 seconds. Although the response time for the thinner film is
a quarter of the time for the thick film, the diffusion time is still fractions of a second. The
diffusion only accounts for a small percentage of the total response time and therefore is not
the main cause of the difference in response time between the two sensor platforms.
However, more testing is needed to determine the true effect of the film thickness reduction.
AC impedance testing of the micro sensors would also determine the role between the
sensing material and electrode interaction for this film thickness.
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6.4 Conclusions
Research has already shown that sensitivity and response time can be increased by either
incorporating nanomaterials on a traditional platform or by miniaturizing the electrode
system for the sensors. By using a layered Zr/Pt IDE, the sensor’s response, and stability
was greatly improved.

For a 10% SnO2/90% GZO composite sensor in a 10% oxygen

atmosphere the sensitivity was increased by 200% at 600˚C. For a Gd 1.4Sm0.6Zr1.8Sn0.2O7
sensor in 20% oxygen atmosphere The sensitivity was increased by 100% at each
temperature and stability was increased by 93% at 600˚C. Response time is also
decreased by incorporating the materials into a micro sensor design. At 600˚C the
response time was reduced to less than a min while at 1000˚C the response time was
decreased from 8.4 to 1.8 min.
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Chapter 7: Conclusions and Future Work
So far in literature, a stable high temperature chemiresistive sensor has not been found.
Typically, chemiresistive sensors have issues with stability and sensitivity due to the
traditional metal oxide semiconducting materials used for this sensor platform. This
research has provided several material systems that not only sense hydrogen at
temperatures up to 1000˚C, but that are stable and have improved cross-sensitivity
resistance to CO. Reaction mechanism for each material system ranging from traditional
metal oxide semiconductors, to composite systems of MOS and ionic gadolinium zirconates,
and mixed ionic-electronic conductors (Figure 113) have been proposed for a variety of
oxygen environments.

Figure 113: Progression of sensing materials investigated for high temperature hydrogen sensing.

With each of these materials, optimal operating conditions were found for each material
system allowing for sensors or sensor arrays to be tailored for the application.
Another key aspect of this work was to incorporate the new material system to a microsensor platform. Typically, micro-sensors are composed of thin films deposed by CVD
processes which greatly limit the composition of the sensing material and usually fail under
high temperatures due to microstructural growth and delamination. A novel process was
developed to form micro-porous 3-D features of sensing material onto a micro-sensor IDE.
This micro-casting process allows for a wide array of materials to be deposited with
precision onto an IDE or multiple materials for a sensor array.
The micro-sensors tested with pyrochlore materials exhibited improved response time and
stability compared to the macro-sensor platform. Specific conclusions for each chapter will
be discussed in the following subsections.
Chapter 3 Hydrothermal synthesis
The main goals of this chapter is to control the size and shape of Gd 2B2O7, which is related
to growth mechanism, controlling the phase of the nanomaterials, and exploring the material
system’s capacity for dopants. Previous research has shown that the pH of the solution
effects the phase and solubility of the materials. An optimum pH, usually between 6-8,
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produces a single phase pyrochlore, while going above or below this range produces
secondary phases. Most studies use low temperature and extended hold times for
hydrothermal synthesis. This research focused on the use of high temperatures (> 240˚C)
and shorter dwell times (1-10h) to form a pure pyrochlore or defective fluorite phase. Each
material system was successfully formed with a high temperature hydrothermal route. For a
pure Gd2Zr2O7 material, it was found that for temperatures near 240˚C, dwell times of 5hrs
or more were needed to for a pure pyrochlore phase. If the temperature was increased to
300˚C only a dwell time of 1h was needed for the pure pyrochlore phase and resulted in
particles sizes around 7 nm. Similar results were found with doping the A-site of GZO with
yttrium and samarium. XRD confirmed decrease or increase in the lattice structure with
yttrium and samarium up to 20 and 40% substitutions respectively. Hydrothermal synthesis
conditions of Gd2Ti2O7 and Gd2Sn2O7 for a single phase structure was found to be optimal
when the pH=6 due to the solubility of the starting materials.
Another key parameter for highly sensitive gas sensors is limiting grain growth and
increasing porosity for thick films. By incorporating traditional MOS materials with highly
refractory zirconate materials decreased particle size when sintered at 1200˚C from 1 µm for
pure SnO2 to 50 nm for a 10% SnO2/90% GZO composite material. Porosity was also
increased as the vol% of the SnO2 was increased but as the vol% increases the particle size
also increases.
Chapter 4 Macro Sensor Testing
In this chapter, the nanomaterials produced in Chapter 3 were tested for their ability to
sense H2 with high levels of sensitivity at high temperatures and oxygen partial pressures
from 0 -20%. The goal was to find a system that is stable at 1000˚C for hours of operation
and has low to no sensitivity to CO and remains stable with these contaminates in the
environment. Two methods were used to develop a high temperature sensor, 1) incorporate
traditional MOS materials into a composite system with zirconates to pin grain growth of the
MOS materials and to provide an oxygen source for the MOS materials at high
temperatures, 2) utilizing various doped Gd-based pyrochlores as the MOS or metal-oxide
mixed ionic-electronic conductor (MIEC) as the active material with the chemi-resistive
sensor architecture.
The composite sensors (SnO2/GZO) showed high sensitivity to H2 and improved stability
over pure SnO2 sensors at temperatures >600˚C. Not only did the GZO limit the grain
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growth of the SnO2 particles, but prevented the SnO2 from fully reducing to Sn at high
temperatures in a low oxygen atmosphere in the 10% SnO2/90% GZO sensor. In the
sensor with a larger percentage of SnO2 (50%-100% SnO2) the MOS carries the conduction
and sensing mechanism of the sensor. At lower percentages of SnO 2 the MOS acts as a
promoter to the GZO ionic conductor. AC Impedance testing supports the theory that the
conduction mechanism for the composite sensor is based on reactions at the grain
boundary between the SnO2 and the zirconate.
The most promising results came from incorporating Sn into a solid-solution with GZO. By
incorporating the Sn into the pyrochlore structure, the sensitivity of the GZO was drastically
increased and maintained its stability up to 1000˚C. It was also highly resistant to CO crosssensitivity making it the best candidate for a high temperature chemiresistive sensing
material.
Research could be continued in many different ways. The effect of particle size on the
sensors performance needs further investigation. Comparison of the conduction
mechanism n-type and doped n-type MIEC materials to see if surface reactions are
controlling the conduction. Also, long-term stability testing is needed to see if the drift of the
sensors tapers off or if there is a burn-in period for stabilization. Lastly, a combination of
EIS and ECR studies could be used to find adsorption coefficients of each material systems.
Chapter 5 Micro Sensor Fabrication
The goal of this work was to incorporate nano-materials into micro sensor arrays for gas
sensing at high temperature. The focus has been on the fabrication techniques that can be
used to create porous 3-D networks of metal-oxide semiconducting materials. A
microcasting system was developed using ceramic substrates and a thick film
photolithography technique that produced molds up to 90 µm thick with good resolution and
high aspect ratios with various geometries. Several ink binder systems were tested to
determine which system would produce a stable 3-D structure that remained porous after
sintering to temperatures around 1200˚C. A 20 vol% solids loading was required to create a
stable structure with each evaluated binder system. It was also determined that the
aqueous based slip casting system produced the most stable structure with little deformation
after sintering. Although the other two binder systems, water-based gel casting and J2M
terpineol based binder systems, were not as effective in this study, more research is
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required to evaluate the uses of these binders for micro-casting and formation of alternative
3-D structures.
Chapter 6 Micro sensor testing
Research has already shown that sensitivity and response time can be increased by either
incorporating nanomaterials on a traditional platform or by miniaturizing the electrode
system for the sensors. By using a layered Zr/Pt IDE, the sensor’s response, and stability
was greatly improved.

For a 10% SnO2/90% GZO composite sensor in a 10% oxygen

atmosphere the sensitivity was increased by 200% at 600˚C. For a Gd 1.4Sm0.6Zr1.8Sn0.2O7
sensor in 20% oxygen atmosphere The sensitivity was increased by 100% at each
temperature and stability was increased by 93% at 600˚C. Response time is also
decreased by incorporating the materials into a micro sensor design. At 600˚C the
response time was reduced to less than a min while at 1000˚C the response time was
decreased from 8.4 to 1.8 min.
The effect of film thickness on the response rate, sensitivity, and recovery rate could be
further investigated to optimize the micro sensor platform. Variation of the IDE dimensions
could also improve the sensor’s performance. Lastly, AC impedance testing could be used
to further investigate the IDE’s role in the micro sensor’s conduction.
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Appendix A : Macro Sensor Testing
Complete archive of macro and micro sensor testing performed throughout this research.

Figure 114: Gd1.8Y0.1Zr2O7 without oxygen

Figure 115: Gd1.8Y0.1Zr2O7 with 1% oxygen
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Figure 116: Gd1.8Y0.1Zr2O7 with 10% oxygen

Figure 117: Gd1.8Y0.1Zr2O7 with 10% oxygen with humidity
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Figure 118: Pt enhanced Gd1.8Y0.1Zr2O7 with 20% oxygen

Figure 119: Gd1.8Y0.1Zr2O7 with 20% oxygen
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Figure 120: Gd1.6Sm0.4Zr1Sn1O7 pH=6 with no oxygen
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Figure 121: Gd1.6Sm0.4Zr1Sn1O7 pH=6 with 10% oxygen

Figure 122: Gd1.6Sm0.4Zr1.8Sn0.2O7 in 1% oxygen
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Figure 123: Gd1.6Sm0.4Zr1.8Sn0.2O7 pH=11 with 10% oxygen

Figure 124: Gd1.6Sm0.4Zr1.8Sn0.2O7 in 20% oxygen atmosphere
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Figure 125: Gd1.6Sm0.4Zr1.8Sn0.2O7 micro sensor in 20% oxygen atmosphere

Figure 126: Gd2Sn2O7 macro sensor in 0% oxygen
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Figure 127: Gd2Sn2O7 macro sensor in 10% oxygen

Figure 128: Gd2Sn2O7 macro sensor in 20% oxygen
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Figure 129: Gd2Ti2O7 macro sensor in 10% oxygen

Figure 130: Gd2Ti2O7 macro sensor in 20% oxygen
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Figure 131: Gd2Ti2O2 micro sensor in 10% oxygen

Figure 132: Macro SnO2 (Alpha Aesar) with 20% oxygen
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Figure 133: SnO2 micro sensor in 20% oxygen

Figure 134: 100% WVU Nano-agglomerates (SnO2) with 20% oxygen
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Figure 135: 90% WVU Nano-agglomerates (SnO2) no oxygen

Figure 136: 90% WVU Nano-agglomerates (SnO2) 1% oxygen
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Figure 137: WVU Nano-agglomerates (SnO2) 10% oxygen

Figure 138: 90% WVU Nano-agglomerates (SnO2) with 20% oxygen
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Figure 139: 50% WVU Nano-agglomerates (SnO2) no oxygen

Figure 140: 50% WVU Nano-agglomerates (SnO2) with 1% oxygen
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Figure 141: 50% WVU Nano-agglomerates (SnO2) with 10% oxygen
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Figure 142: 50% WVU Nano-agglomerates 10% oxygen with smaller spaced electrodes

Figure 143: 50% WVU Nano-agglomerates (SnO2) with 20% oxygen

166

Figure 144: 10% WVU Nano-agglomerates (SnO2) no oxygen

Figure 145: 10% WVU Nano-agglomerates (SnO2) with 1% oxygen
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Figure 146: 10% WVU Nano-agglomerates (SnO2) with 10% oxygen smaller electrode spacing
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Figure 147: 10% WVU Nano-agglomerates with 10% oxygen

Figure 148: 10% WVU Nano-agglomerates micro sensor with 10% oxygen
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Figure 149: 10% WVU Nano-agglomerates (SnO2) with 20% oxygen

Figure 150: 90% Ceria (CeO2) with 1% oxygen

170

Figure 151: 50% ceria (CeO2) with 10% oxygen

Figure 152: 50% ceria (CeO2) with 10% oxygen with humidity
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Figure 153: 50% ceria (CeO2) with 20% oxygen

Figure 154: 10% ceria (CeO2) with 20% oxygen
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Figure 155: 10% ceria (CeO2) with 1% oxygen
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Appendix B: AC Impedance Data
Complete index of all impedance spectroscopy analysis performed for this research.

Impedance Data (Gd1.4Sm0.6Zr1.8Sn0.2O7)

Figure 156: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 600, 800, and 1000˚C

Figure 157: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 10% oxygen atmosphere at 600, 800, and 1000˚C
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Figure 158: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 20% oxygen atmosphere at 600, 800, and 1000˚C

Table 11: Fitted resistance and capacitance values from ZView for 0, 10, and 20% oxygen atmosphere at
600˚C
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Figure 159: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 600˚C with and without
hydrogen.

Figure 160: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 600˚C with and without
hydrogen
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Figure 161: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 600˚C with and without
hydrogen

Table 12: Fitted resistance and capacitance values from ZView for 0, 10, and 20% oxygen atmosphere at
800˚C
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Figure 162: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 800˚C with and without
hydrogen

Figure 163: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 800˚C with and
without hydrogen

178

Figure 164: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 600˚C with and without
hydrogen

Table 13:Fitted resistance and capacitance values from ZView for 0, 10, and 20% oxygen atmosphere at
1000˚C
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Figure 165: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 0% oxygen atmosphere at 1000˚C with and without
hydrogen

Figure 166: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 10% oxygen atmosphere at 1000˚C with and
without hydrogen
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Figure 167: Gd1.4Sm0.6Zr1.8Sn0.2O7 impedance spectra in 20% oxygen atmosphere at 1000˚C with and
without hydrogen

Fitted impedance data (10% SnO 2/ 90% GZO)

Figure 168: 10% SnO2/90% GZO impedance spectra in 0% oxygen atmosphere at 600, 800, and 1000˚C
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Figure 169: 10% SnO2/90% GZO impedance spectra in 10% oxygen atmosphere at 600, 800, and 1000˚C

Figure 170: 10% SnO2/90% GZO impedance spectra in 20% oxygen atmosphere at 600, 800, and 1000˚C
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Table 14: Fitted resistance and capacitance values from ZView for 0, 10, and 20% oxygen atmosphere at
600˚C

Figure 171: 10% SnO2/90% GZO impedance spectra in 0% oxygen atmosphere at 600˚C with and without
hydrogen
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Figure 172: 10% SnO2/90% GZO impedance spectra in 10% oxygen atmosphere at 600˚C with and
without hydrogen

Figure 173: 10% SnO2/90% GZO impedance spectra in 20% oxygen atmosphere at 600˚C with and
without hydrogen
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Table 15: Fitted resistance and capacitance values from ZView for 0, 10, and 20% oxygen atmosphere at
800˚C

Figure 174: 10% SnO2/90% GZO impedance spectra in 0% oxygen atmosphere at 800˚C with and without
hydrogen
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Figure 175: 10% SnO2/90% GZO impedance spectra in 10% oxygen atmosphere at 800˚C with and
without hydrogen

Figure 176: 10% SnO2/90% GZO impedance spectra in 20% oxygen atmosphere at 800˚C with and
without hydrogen
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Table 16: Fitted resistance and capacitance values from ZView for 0, 10, and 20% oxygen atmosphere at
1000˚C

Figure 177: 10% SnO2/90% GZO impedance spectra in 0% oxygen atmosphere at 1000˚C with and
without hydrogen
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Figure 178: 10% SnO2/90% GZO impedance spectra in 10% oxygen atmosphere at 1000˚C with and
without hydrogen

Figure 179: 10% SnO2/90% GZO impedance spectra in 20% oxygen atmosphere at 1000˚C with and
without hydrogen
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